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Abstract 
1 
Abstract 
 
  The growth of ZnO single crystals and ZnO thin films on Si substrates by an 
open-system vapor phase method was studied in this thesis. The as-grown ZnO single 
crystals were investigated by means of photoluminescence (PL). Two unique 
emissions were observed in virgin and hydrogenated crystals. The up-to-now attempts 
for the p-type doping of ZnO were summarized and our doping studies were 
performed using nitrogen and antimony. 
  The seed-free and open-system vapor phase method is a simple and low cost 
approach to grow good quality ZnO single crystals. The growth parameters, including 
flow rates of N2, H2, O2, and growth temperatures, have various influences on the 
crystal growth, and also on the optical properties of the as grown crystals. The 
as-grown crystals are c-axis oriented needle crystals, and the crystals typically have a 
maximum length of 40 mm and a maximum diameter of 1 mm. The needle-shaped 
crystals are n-type with main donors due to Al, Ga, and In impurities, as determined 
from the PL spectra.  
Two unidentified PL emission lines (P1 at 3.3643 eV and P2 at 3.3462 eV) are 
observed in our vapor phase grown ZnO single crystals. P1 is attributed to the 
recombination of an exciton bound to a shallow donor，which has a binding energy of 
42.2 meV. Hydrogenation of the as-grown ZnO single crystal leads to the appearance 
of the P2 line and a great reduction of the P1 line. Subsequent isochronal annealing in 
the ambient atmosphere leads to gradual reduction of P2 and the reappearance of P1. 
The PL measurements indicate that hydrogen is involved in the defect origins of the 
P2 line. 
ZnO thin films were deposited on Si substrates by the vapor phase method. Three 
different types of configurations with alternative source materials and oxidizers were 
employed and compared. It is demonstrated that, methods with lower growth 
temperatures are easier to deposit homogenous ZnO films on Si substrate. 
Donor-acceptor-pair (DAP) transition at 3.245 eV and its phonon replicas were 
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observed in the PL spectra of the thin films, which are grown by the hydrogen-free 
vapor phase method. The appearance of DAP transition indicates the presence of 
acceptor in the films. 
  The long-standing challenge of p-type doping in ZnO is mainly attributed to the low 
valence band maximum (VBM) at the absolute energy scale, the spontaneous 
formation of compensating defects and the lack of appropriate acceptors with small 
ionization energy. Two attempts for the p-type doping of ZnO were performed by 
nitrogen diffusion into ZnO single crystals from plasma after the growth or by in-situ 
doping antimony during the growth of ZnO films. No hole conductivity could 
however be achieved in our doped samples. 
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Kurzfassung 
 
In dieser Arbeit wurde das Wachstum von ZnO-Einkristallen und 
Dünnfilmschichten auf Si durch chemische Gasphasenabscheidung in einem offenen 
System untersucht. Die hergestellten ZnO-Einkristalle wurden mit 
Photolumineszenzmessungen (PL) untersucht. Es konnten sowohl in unbehandelten 
als auch in mit Wasserstoff behandelten Proben zwei charakteristische Linien 
beobachtet werden. Sowohl die bisherigen Versuche zur p-Typ Dotierung von ZnO als 
auch die in dieser Arbeit durchgeführten Versuche mit Stickstoff und Antimon werden 
zusammengefasst und präsentiert. 
Die Keimkristall-freie Gasphasenabscheidung (CVD) in offenen Systemen ist eine 
einfache und kostengünstige Methode zur Herstellung von qualitativ hochwertigen 
ZnO-Einkristallen. Die Wachstumsparameter, einschließlich der Flussraten von N2, H2 
und O2 sowie der Wachstumstemperatur beeinflussen das Kristallwachstum sowie die 
optischen Eigenschaften der hergestellten Kristalle. Die hergestellten Kristalle 
wachsen typischerweise als entlang der c-Achse orientierte Nadeln mit Längen von 
bis zu 40 mm und Durchmessern von bis zu 1 mm. Die nadelförmigen Kristalle 
besitzen eine n-Typ Dotierung, welche hauptsächlich durch Verunreinigung mit Al, 
Ga und In verursacht wird. 
Zwei bisher nicht identifizierte PL-Linien (P1 bei 3,3643 eV und P2 bei 3,3462 eV) 
wurden in den hergestellten Kristallen beobachtet. P1 wird der Rekombination von 
Exzitonen an flachen Donatoren mit einer Bindungsenergie von 42,2 meV zugeordnet.  
Eine Wasserstoffbehandlung der hergestellten Kristalle führt zum Erscheinen der 
P2-Linie und einer starken Unterdrückung der P1-Linie. Anschließende isochronische 
Temperung in Luft führt zu einer schrittweisen Reduzierung der Intensität der 
P2-Linie und zu einer Verstärkung der P1-Linie.  Photolumineszenzmessungen 
weisen auf eine Korrelation von P2 mit Wasserstoff hin. 
Zusätzlich wurden mit der CVD-Methode dünne ZnO-Schichten auf Si-Substraten 
abgeschieden. Drei unterschiedliche Konfigurationen mit verschiedenen 
Ausgangsmaterialien (ZnO-Pulver bw. Zn-Pulver) und verschiedenen 
Oxidationsmitteln (O2 bzw. Wasser) wurden untersucht und verglichen.  Es wird 
gezeigt, dass mit den Konfigurationen mit geringerer Wachstumstemperatur am 
einfachsten homogene ZnO-Schichten auf Si abgeschieden werden können. Ein 
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Donator-Akzeptor-Paar-Übergang (DAP) bei 3,245 eV und die dazugehörigen 
Phononenrepliken wurden in den Schichten beobachtet, welche in einer 
Wasserstoff-freien Konfiguration abgeschieden wurden. Diese DAP-Übergänge sind 
ein Hinweis auf die Anwesenheit von Akzeptoren. 
Die seit langem bestehende Herausforderung der p-Typ-Dotierung von ZnO hat 
ihre Wurzeln hauptsächlich in dem niedrig liegenden Valenzbandmaximum (VBM) 
auf der absoluten Energieskala, der spontanen Bildung von kompensierenden 
Defekten sowie dem Mangel an geeigneten Akzeptoren mit geringer 
Ionisierungsenergie. Zwei Versuche zur p-Typ-Dotierung von ZnO durch Behandlung 
der Kristalle mit N-Plasma bzw. durch in-situ Dotierung mit Sb während des 
Kristallwachstums wurden durchgeführt. Allerdings konnte damit keine nachweisbare 
Löcherleitung in den behandelten Proben erreicht werden.  
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Chapter 1  
Introduction 
 
ZnO has gained much attention as a promising semiconductor material for 
short-wavelength optoelectronic devices, such as transparent conductive oxides (TCO) 
[1], light emitting diodes (LED) [2], laser diodes [3] and solar cells [4, 5], because of 
its large exciton binding energy (60 meV), wide band gap (3.4 eV) at room 
temperature, and the availability of large area ZnO substrates [6]. However, some 
prospective applications of ZnO-based devices are hindered by the p-type doping 
problems in ZnO. The reasons for the difficulties of p-type doping can be briefly 
summarized into four points: i) Background donors and spontaneously formed defects 
compensate acceptors; ii) Acceptors in ZnO are located too deeply in the bandgap; iii) 
The solubility of p-type impurities is too low; iv) Hydrogen, as an always existing 
contamination, passivates acceptors by forming inactive acceptor-hydrogen 
complexes.  
  The growth of ZnO single crystals are typically achieved by three traditional 
methods: hydrothermal growth, melt growth and seeded chemical vapor transport [6]. 
To solve the fundamental problem of p-type doping in ZnO, the growth and doping of 
ZnO single crystals and thin films by vapor phase method were investigated. 
Hydrothermal growth provides the largest commercial available wafers, but inevitably 
results in the incorporation of alkali metals (Li and K) from aqueous mineralizers, 
which can seriously deteriorate the electrical properties of ZnO wafers [7]. Melt 
growth is still considered to be at the developing stage and suffers from the presence 
of grain boundaries in the crystals [8, 9]. Seeded chemical vapor transport provides 
the purest crystals among these three approaches, but encounters high costs due to low 
production rate, and nonconstant growth conditions due to the closed growth system 
[10]. A simple and low cost vapor phase method will be employed in this thesis, 
which can provide high purity ZnO needle crystals with good crystalline quality and 
flexibility in doping.  
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  The integration of traditional silicon technology and future ZnO optoelectronics 
require the heteroepitaxial growth of ZnO thin films on Si substrate. It is more 
difficult than the deposition on hexagonal substrates for two reasons: i) the mismatch 
of the cubic and hexagonal crystal structures, ii) the appearance of SiOx amorphous 
layers between Si substrate and ZnO films. We will show in this thesis that the 
open-system vapor phase method is capable of growing homogenous ZnO films on Si 
substrate. Three different types of configurations with alternative source materials and 
oxidizers were employed and compared. The DAP transition at 3.245 eV and its 
phonon replicas were observed in the deposited films, which were grown by 
hydrogen-free vapor phase method. The appearance of DAP transition indicates the 
presence of acceptors in the films. 
  In ZnO there are still many mysteries regarding the defect origins of the various 
sharp lines in the excitonic spectrum. Most origins of these sharp lines are donor 
impurities [11]. Reducing or removing these donor impurities can reduce the 
compensation and passivation of acceptors. Thus understanding these sharp emissions 
is important for solving the p-type doping problems. Two unidentified PL emissions 
(P1 at 3.3643 eV and P2 at 3.3462 eV) were observed in the as-grown and 
hydrogenated ZnO needle crystals. P1 is demonstrated to originate from shallow 
donors. Further isochronal annealing of hydrogenated crystals suggests that hydrogen 
is involved in the microscopic origin of the P2 line. 
The substitutional atom (group V element N) at oxygen sites was believed to be the 
most promising candidate for shallow acceptor [6], however, recent calculations 
pointed out that NO is actually a deep acceptor and has no contribution to the hole 
concentration at room temperature [12]. P, As, and Sb atoms at oxygen sites are also 
deep acceptors because of their larger ion radii size and larger lattice distortion [13]. 
In spite of this knowledge, defect complexes, such as LiZn-NO, XZn-2VZn (X = P, As, 
Sb) were suggested to act as shallow acceptors [14, 15]. In order to introduce above 
acceptor complexes, two attempts for the p-type doping of ZnO were carried out by 
nitrogen diffusion into ZnO single crystals from plasma or by in-situ doping antimony 
during the growth of ZnO films.  
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  The present thesis will be structured as following: Chapter 2 will give a short 
introduction of the fundamental considerations of ZnO as a semiconductor material. 
This chapter covers the crystal structure, electronic band structure, optical properties 
of ZnO materials, also the defects in ZnO, and the doping issues of ZnO. Chapter 3 
deals with the general growth techniques for ZnO single crystals/thin films, and the 
techniques for sample processing and characterization. The following four chapters 
will present the experimental results: Chapter 4 describes the growth of ZnO single 
crystals by the open-system vapor transport method. Chapter 5 deals with the growth 
of ZnO thin films on silicon substrate by the vapor phase method. Chapter 6 focuses 
on two unidentified PL emissions at 3.3643 eV and 3.3462 eV in the virgin and 
hydrogenated crystals, which were grown by the vapor phase method. Chapter 7 
summarizes the present knowledge of p-type doping in ZnO and presents doping 
study using nitrogen and antimony. Finally, chapter 8 summarizes the presented 
results and outlines remaining open questions of this thesis. 
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Chapter 2  
Basic properties of ZnO 
 
The first research of ZnO as a semiconductor material can be dated back to the 
1930s [16], however, an enormous growth of ZnO related researches was witnessed in 
recent decades [6, 17, 18]. In this chapter, the basic properties of ZnO will be 
summarized.  
 
2.1 Crystal structure 
 
ZnO is a typical II-VI binary compound semiconductor. It has three different types 
of crystal structures: hexagonal wurtzite (B4) [19], cubic zinc-blende (B3) [20, 21] 
and rocksalt (B1) [22, 23], as illustrated in Figure 2.1. At ambient pressure, ZnO 
exclusively crystallizes in the hexagonal wurtzite structure. Zinc-blende ZnO is stable 
only by epitaxial growth on cubic substrates, while the rocksalt structure is a 
high-pressure metastable phase forming under ~10GPa. Theoretical calculations also 
predicted that a fourth phase, B2 (cubic CsCl structure), may be possible at extremely 
high pressures (260 GPa), however, this phase has not yet been experimentally 
 
 
  
Figure 2.1: Stick-and-Ball representation of ZnO crystal structure, (a) cubic rocksalt(B1), (b) 
cubic zinc blende (B3), and (c) hexagonal wurtzite (B4). Shaded gray and black spheres denote Zn 
and O atoms, respectively [6]. 
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observed [24].  
Both zinc-blende and wurtzite structures have a tetrahedrally coordinated bonding 
geometry: each zinc ion has four oxygen neighbor ions in a tetrahedral configuration 
and vice versa. This geometrical arrangement, which is well know from, for example, 
the group-IV elements C (diamond), Si, Ge, is also common for II-VI and III-V 
compounds. The tetrahedral coordination is typical of sp3 covalent bonding nature, 
but these materials may also have a substantial ionic character that tends to increase 
the bandgap beyond the one expected from the covalent bonding.  
The main difference between the zinc-blende and wurtzite structure is the stacking 
sequence of Zn and O atoms bi-layers: (ABCABC…) cubic close packing for the 
former and (ABAB…) hexagonal close packing for the latter. The Zn-O bond has a 
fraction of ionic character, wurtzite ZnO has a mixture of ionic bonding and covalent 
bonding [20]. The zinc-blende ZnO has lower iconicity and is more covalent, 
compared to the wurtzite ZnO [25]. 
  The zinc-blende structure shown in Figure 2.1b could be regarded as an 
arrangement of two interpenetrating face-centered cubic sub-lattices, displaced by 1/4 
of the body diagonal axis. The primitive unit cell of zinc-blende is an oblique 
parallelepiped and contains one pair of ions, Zn2+ and O2-. In Goup theory, this lattice 
is classified by the point group 43m (international notation) or Td (Schoenflies 
notation) and by its space group, denoted as F4 3m or T2d, respectively [26]. The 
zinc-blende ZnO thin layers can be grown on cubic zincblende substrates and 
zincblende ZnS thin layers are always used as the interlayers and/or nucleation layer 
due to a lack of suitable substrates with small lattice-mismatch. In a few reports, 
GaAs(001) substrate plus ZnS buffer layer with molecular-beam epitaxy [27, 28], 
Al2O3(0001) substrate plus ZnS interlayer with thermal oxidation method [29] and 
Pt(111)/Ti/SiO2/Si(100) substrates with sol-gel process [30] were used to synthesize 
zinc-blende ZnO layer. However, the single crystalline zinc-blende ZnO layer is still a 
challenge because of the strong tendency to form wurtzite subdomains within the 
zincblende matrix. The theoretically calculated lattice parameter for zinc-blende ZnO 
is 4.57-4.62 Å [31, 32], while the value estimated experimentally is 4.47 Å [27] and 
Chapter 2 Basic properties of ZnO 
11 
4.18 Å [29] from different research groups. 
 
 
 
Figure 2.2: The wurtzite structure of ZnO. O atoms are shown as larger gray spheres, Zn atoms as 
smaller black spheres. One unit cell is outlined for clarity. [33] 
 
In contrast to the cubic zinc-blende geometry, the hexagonal wurtzite lattice is 
uniaxial as shown in Figure 2.1c and Figure 2.2. The tetrahedral coordination in 
wurtzite structure gives rise to polar symmetry along the hexagonal axis (c axis in 
ZnO). This polarity is responsible for a number of the properties of ZnO, including its 
piezoelectricity and spontaneous polarization, and is also a key factor in crystal 
growth, etching and defect generation [33, 34]. The orientation of axes and faces in a 
wurtzite lattice is denoted by four-digit Miller indices hkil (i = - (h+k)). The c-axis 
direction is referred to as [0001], the surface perpendicular to the c-axis is the 
hexagonal (0001) plane. The Zn-terminated (0001) and O-terminated (0001) faces are 
known to possess different chemical and physical properties [35].  
The wurtzite lattice type is classified by the point group 6mm (international 
notation) or C6v (Schoenflies notation) and by the space group P63mc or C46v, 
respectively [26]. The lattice parameter of the hexagonal unit cell are a =3.2495 Å and 
c = 5.2069 Å. From powder X-ray diffraction data taken between 4.2 K and 296 K, 
the temperature dependence of lattice parameters could be fitted by a [Å] = 3.24835 - 
1.0811·10-5·T + 6.820·10-8·T2 - 6.109·10-11 T3 + 2.143·10-14 T4 [36]. The solid density 
at room temperature is 5.606 g/cm3, which corresponds to the atom concentration of 
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zinc or oxygen with 4.0×1023/cm3.  
Rocksalt ZnO (schematically shown in Figure 2.1a) crystallizes in solid sodium 
chloride cubic structure; each ion is surrounded by six ions of the opposite charge as 
expected on electrostatic grounds. Because the reduction of lattice dimensions causes 
the interionic coulomb interactions to favor the ionicity more over the covalent nature, 
hexagonal wurtzite ZnO (B4) can be transformed to cubic rocksalt (B1) at relatively 
modest external hydrostatic pressures [6]. The space group symmetry of the rocksalt 
type of structure is Fm3m in the Hermann-Mauguin notation and O5h in the 
Schoenfiles notation [26], and the lattice constant is between 4.27-4.29 Å [6]. This 
structure has a sixfold coordination and a considerably enhanced space-filling factor. 
The pressure-induced phase transition from the wurtzite ZnO (B4) to the rocksalt (B1) 
occurs at approximately 10 GPa and a large volume shrinkage of about 17% also 
happens in this process [37, 38]. Defect doping can help to reduce the transition 
pressure, for example, 2at.% Mn-doped ZnO can reduce the onset transition from 9.5 
GPa to 6 GPa, as compared to pure ZnO samples [39]. 
In conclusion, although ZnO shares three different types of crystalline structures 
with different properties, wurtzite ZnO is the most stable form at room temperature 
and atmospheric pressure. All the measured and discussed ZnO samples in following 
sections and chapters will be of wurtzite form. 
 
2.2 Electronic structure 
 
The knowledge of the electronic band structure is important when investigating the 
electrical and optical properties of semiconductor, or when evaluating materials for 
semiconductor devices. Several theoretical approaches with varying degrees of 
complexity and different simplified assumptions have been employed to calculate the 
band structure of ZnO (mainly for wurtzite). Among these calculations, 
density-functional theory within the local density approximation (LDA) [40, 41] 
method is mostly employed, however, the results of standard LDA calculations show 
distinct shortcomings, such as underestimated lattice constant, underestimated 
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bandgap [18, 42]. Several attempts have been made to adjust and correct the 
calculations. Some of the corrections are based on empirical reasoning or on a rigid 
shift of the conduction band [43]; others are based on non-self-consistent approaches 
[44], LDA+U [45, 46], or calculations using a hybrid functional [47]. Besides the 
theoretical approaches, a number of sophisticated experimental methods have been 
employed to explore the band structure of wurtzite ZnO. Typically, angle-resolved 
photoelectron spectroscopy (ARPES) technique together with synchrotron radiation 
excitation have been commonly recognized as a powerful tool that enables the 
determination of experimental bulk and surface electronic band structures under the 
assumptions of k-conservation and nearly free electron model [48]. The combination 
of theoretical and experimental techniques allows determining a reliable band 
structure of wurtizite ZnO. 
The calculated band structures of wurtzite ZnO including spin-orbit coupling [49] 
are shown in Figure 2.3, ZnO is a direct band gap (Eg = 3.4 eV at Γ point) 
semiconductor.  
 
 
Figure 2.3: The band structures of wurtzite ZnO including spin-orbit interaction [49] 
 
  The band structure of ZnO reveals three very closely spaced valence bands (usually 
referred to as the A, B, and C bands; or heavy-hole, light-hole, and crystal field 
split-off bands, respectively, resulting from the spin-orbit coupling and crystal field 
splitting) near the brillouin zone center (Γ point) [18], as illustrated in Figure 2.4. The 
symmetry ordering of the crystal field and spin-orbit coupling split levels at the 
valence band maximum (VBM) (Γ point, k = 0) in wurtzite ZnO has been a subject                                      
Vapor phase growth of ZnO single crystals/thin films and attempts for p-type doping 
14 
 
 
Figure 2.4: Schematic band structure and symmetry of wurtzite ZnO, the three separate valence 
bands are due to spin-orbit interaction and crystal field splitting [11, 50]. 
 
of controversy. Today the ordering of A(Γ7), B(Γ9), C(Γ7) is commonly accepted [51, 
52]. Experiment gives the splitting energies between the A, B, and C bands: EA – EB = 
4.9 meV, EB – EC = 43.7 meV, and Eg = 3.437 eV for A valence band at 4.2 K [11, 50]. 
The lattice constant changes with temperature, as discussed in last section 2.1. 
Consequently, the electronic band structure also changes with temperature or pressure. 
The band gap of wurtzite ZnO (at Γ point, k = 0) decrease with increasing temperature, 
and the dependence is given by the empirical equation (2.1). Where the temperature 
coefficients are α = -5.5×10-4 eV/K and β = -900 K for temperature range up to 300 K 
[53].  
2
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Band gap engineering is an important tool to develop new optoelectronic devices 
[54]. The band gap of ZnO can be finely tuned by alloying with MgO or CdO. When 
the alloying concentration of Magnesium is lower than 43at.%, Zn(1-x)MgxO crystal 
keeps still wurtzite structure , and the band gap Eg (eV) = 3.37 +2.51x can increase up 
to 4 eV [55]. When the alloying concentration of Cadmium is lower than 69.7at.% 
[56], Zn(1-y)CdyO crystal is also still wurtzite structure, and the band gap Eg (eV) = 
3.37-4.40y+5.93y2 reduces to 2.9 eV [57]. The lattice constant also shows dependence 
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on the alloying concentration of Magnesium or Cadmium. 
 
2.3 Optical properties 
 
  ZnO is a prospective material for optoelectronics owing to its direct wide band gap 
(Eg = 3.37 eV at 300 K) and effective radiative recombination. The large exciton 
binding energy of ～60 meV, allows an intense near band edge excitonic emission at 
room and even higher temperatures up to 700 oC [58]. The following topics will 
concentrate on the radiative recombination of ZnO. 
  Before reviewing the optical transitions in ZnO, the effective mass approximation 
(EMA) in semiconductors should be introduced. When the donor Bohr radius is much 
larger than the crystal lattice constant, a shallow donor atom can be compared with a 
hydrogen atom; the extra valence electron is only loosely bound to the positive ion. 
The loosely bound electron can be ionized easily by thermal or electrical excitations. 
The case for acceptor is similar but in opposite charges. The net effect of the crystal 
potential on the donor electron inside the crystal is to change the electron mass from 
the value in free space to the effective mass m* and also to contribute the factor  
(the relative dielectric constant) in the Coulomb potential expression of the donor ion. 
This approach is known as the effective mass approximation (EMA) [59].  
  Similar notations are used to denote the bound states of shallow impurities. The 
energies of these bound states are given by the Rydberg series: 
2(0) /CE E R N      ( 1, 2,3...)N    …………… (2.2)                                                                                                                             
R is the Rydberg constant for the donor electron and is related to the Rydberg constant 
for the hydrogen atom [e4m0/(2ℏ2)] by 
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Being m0 the free electron mass. The extent of the bound-state electron wave 
functions in real space is described by a donor Bohr radius, which is in analogy to the 
Bohr radius in the hydrogen atom [59]. 
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2.3.1 Free exciton transition 
 
  In sufficiently pure ZnO semiconductor with good crystallinity the Coulomb 
interaction between the photoexcited electron in the conduction band and hole in the 
valence band correlates their motion and binds them together. This bound state of the 
electron-hole pair is a quasi-particle called exciton which is the fundamental quantum 
of excitation in a semiconductor [60]. The recombination of an electron and a hole 
will result in emission of a photon. The energy of the emitted photon is hv= Eg - X, 
where Eg is the band gap energy, and X is the exciton binding energy, the value for 
ZnO is 60 meV at room temperature, which is the highest for any direct band gap 
semiconductor besides the Cu-halides. The exciton has many features analogous to 
those of atomic hydrogen. The exciton can be assigned a Bohr radius which is given 
[61] by equation (2.4)  
0exciton H
B B
ma a 

   …………………… (2.4) 
Where  is the Bohr radius of a hydrogen atom, ε is the relative dielectric constant 
of the semiconductor, = 	is the reduced mass of the exciton, me, mh is the 
effective mass of electron and holes in semiconductor, and m0 is the free electron 
mass. In ZnO the exciton Bohr radius  is approximately 2 nm [6, 11]. This is a 
length of several lattice constants, and the effective mass approximation is valid in 
ZnO. The related free exciton recombinations between the electron in conduction 
band and hole in three valence bands are usually denoted by A-, B- and C- exciton. 
Availability of high quality ZnO single crystals provides the opportunity to observe 
free exciton transitions in low temperature photoluminescence (PL), and reflectance 
measurement. Compared with the B- and C-exciton, the PL technique can much easier 
probe the A-exciton at k = 0 point, because the recombination of the A-exciton in ZnO 
is strongly allowed. The overall symmetry of an excitonic wavefunction is given by 
the direct product of the symmetries of the electron and hole wavefunctions [62], for 
the A-exciton is [50, 63] 
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Because the Γ2 exciton is forbidden without an external magnetic field according to 
the selection rules in wurtzite ZnO [50, 52], two peaks of A-exciton transition could 
be observed in the PL spectrum of ZnO (labeled as AT and AL). AT has Γ5 symmetry 
and transverse character; AL has Γ1 symmetry and longitudinal character. The term 
transverse and longitudinal refer to the orientation of the polarization associated with 
exciton (electron-hole pair) as it travels through the lattice with wave vector k. The 
energy position of AT and AL in the PL spectrum at 4.2 K is 3.3759 eV and 3.3772 eV, 
respectively, according to B. K. Meyer’s assignment [11]. AT is the reference for the 
determination of the bound exciton localization energy. The picture of the free 
excitonic PL features used throughout this thesis is based on the assignment and 
explanation by B. K. Meyer et al. [11]. 
 
2.3.2 Bound exciton transition 
 
There is a large number of imperfections in the crystal structure of real 
semiconductors. Free electrons and holes can be scattered or bound to defects and 
impurities. Excitons will also bind to imperfections in the lattice, losing some of their 
energy in this process. They become localized around the imperfections and trapped 
until their recombination. The photons emitted from the recombination of localized 
excitons have smaller energies than the photons emitted from the recombination of 
free excitons. The energy difference is called the localization energy Eloc of bound 
excitons, which is determined by the nature of the imperfections [11]. If the thermal 
energy of the environment is higher than Eloc for a specific impurity, excitons are 
quickly delocalized through phonon interactions. Impurities in ZnO all have their own 
unique and characteristic localization energy. This result allows the possibilities to 
qualitatively detect defects and impurities by low temperature photoluminescence. In 
fact, most of the PL intensity over the UV to visible range is from bound excitonic 
recombinations [62]. 
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Figure 2.5: Schematic diagram of neutral donor bound exciton complex [64]. 
 
ZnO is naturally n-type with the dominant imperfections as donor impurities. 
Excitons can bind to neutral donors forming a complex called a neutral donor bound 
exciton, D0X, as shown in the schematic diagram [64] in Figure 2.5 without  
 
 
 
Figure 2.6: A typical PL spectrum of ZnO single crystal measured at 4.2 K. 
 
consideration of proper dimension. For typical neutral donors in ZnO, the exciton 
localization energies are in the range of 10-30 meV [11]. A typical PL spectrum of 
bulk ZnO is shown in Figure 2.6, many narrow peaks are seen in the bound excitonic 
region and usually dominate the PL spectrum of ZnO at low temperatures.  
The excitonic peaks have been labeled historically with Ix notation for ZnO, the 
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numbering convention I0 ~I11 are listed in Table 2.1. The origin of these peaks is still 
unclear in most cases. The identified ones are, I4: H-related, I6, I6a: Al-related, I8: 
Ga-related  
 
Table 2.1: Free and bound exciton recombinations and related properties of ZnO [11] 
  
 
and I10:In-related. These are A-excitons bound to donor defects, B-excitons can also 
be bound to donor defects, with a separation of 4.9 meV between corresponding PL 
peaks due to the A, B valence band splitting [11].  
Ionized donors can also trap excitons and form ionized donor bound excitons, 
denoted as D+X. Emissions from I0 to I2 were determined to be D+X recombinations. I0, 
I1, I2 are the ionized donors belonging to I6a, I8, I9 respectively [65]. The localization 
energy Eloc of the D+X complex is only a few meV.  
  The appearance of ionized donors at Helium temperatures indicates the existence of 
acceptors in the sample which are partially compensating the donor concentration. 
Neutral acceptors can also bind excitons and form A0X complexes, however, the A0X 
emission was absent in the PL spectrum of ZnO. A0X peaks should appear at lower 
energies than the D0X peaks since they are expected to have a higher localization 
energy with following order [11, 61, 66]. 
                 
0 0D X D X A X
Loc Loc LocE E E

  ……………… (2.6) 
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The Hayne’s rule relates the donor binding energy ED (also called donor ionization 
energy) with the localization energy ELoc of the donor bound exciton by ELoc = a ED 
[11, 61], where a is the linear coefficient. More generally ELoc is given by ELoc = A′ + 
B′ED, and A′ and B′ could be determined from the experiment, such as A′ = -3.8 meV, 
B′ = 0.365 in Ref [11]. The Haynes’ rule is also valid for the ionized donor bound 
exciton D+X [65]. 
 
2.3.3 Two-electron-satellite transition 
 
  One unique characteristic of the neutral donor-bound exciton transition D0X is the 
Two-Electron-Satellites (TES) transition in the spectral region of 3.32-3.34 eV. These 
transitions involve radiative recombination of an exciton bound to a neutral donor, 
leaving the donor in the excited state (2s, 2p states), thereby leading to a transition 
energy that is less than the D0X energy by an amount equal to the energy difference 
between the first excited(2s, 2p) and ground state of the donor. The usual observation 
of the D0X peak, of course, occurs when the donor final state is the ground state [18]. 
 
 
 
Figure 2.7: A schematic drawing of the energy ranges of various bound excitons with the level 
scheme for the two-electron-satellites transition [67]. 
 
The TES transition together with other bound excition recombinations are 
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schematically shown in Figure 2.7 [67], the level scheme for the TES transition is also 
depicted. The energy distance between the 1s and 2p state, also the energy separation 
between D0X and TES recombination, is 3/4 of the donor binding energy (ED) in the 
simple hydrogen-like effective-mass-approach (EMA). Therefore, by determining the 
position of the TES, the related donor binding energy can be estimated. 
 
2.3.4 Donor-acceptor-pair transition 
 
  The presence of both donors and acceptors in semiconductors provides a radiative 
recombination channel known as donor-acceptor-pair (DAP) transition. If the 
wavefunctions of an electron on a donor and a hole on an acceptor overlap, the 
electron and the hole can recombine. The energy of the emitted photon resulting from 
radiative DAP transition is given by equation (2.7) [61] 
2
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The second term is the sum of neutral donor binding energy and neutral acceptor 
binding energy; the RDA in the Coulomb energy term is the effective distance of many 
discrete, well-defined distances between donors and acceptors. The zero-phonon DAP 
band is therefore a broad band, which consists of several discrete lines corresponding 
to the discrete distances. The last term describes longitudinal optical (LO) phonon 
replica with a energy of 72 meV, m = 0, 1, 2 … . With increasing excitation intensity, 
the number of occupied donor and acceptor centers increases and their average 
distance necessarily decreases. As a result one can expect a blue-shift of the emission 
maximum of the DAP recombination due to the Coulomb term in equation (2.7). This 
is a characteristic feature of DAP transition. In addition, with increasing temperature, 
a line emerges at higher energies than the DAP peak and takes over in intensity, this is 
the free-to-bound transition, in which free electrons recombine with the stronger 
bound acceptor holes [67]. When the donor concentration is much higher than the 
accepter concentration, the Coulomb interaction item could also be given by another 
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form: a /  [68], where ND is the donor concentration and the coefficient a = 3×10-5 
meV∙cm; The DAP transition allows a rough estimate of the acceptor binding energy 
or impurity concentrations. 
 
2.3.5 Phonon assisted recombination 
 
  The phonon, which is the quantized crystal lattice vibration, can interact with 
electron, hole and also exciton. This coupling leads to phonon replicas commonly 
seen in the PL and the absorption spectrum of many semiconductors. At low 
temperatures, Fröhlich coupling  with the longitudinal optical (LO) phonons is the 
main origin of the exciton-phonon coupling in polar materials with a large ionic 
character like ZnO [69, 70]. The exciton-phonon coupling is enhanced when the total 
binding energy of the exciton complex is comparable to the LO-phonon energy [71]. 
This can explain why the aluminum-related I6a exciton complex in ZnO generally 
shows much stronger LO phonon replicas than other exciton complexes [62]. 
  An indicator of the strength of the exciton-phonon coupling is the Huang-Rhys 
factor S. Using the Frank-Condon approximation, the integrated intensity ratio of the 
mth LO-phonon replica to the zero-phonon line (ZPL) of an emission peak is given by 
[72, 73]  
0
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Here, S represents the average number of phonons produced during radiative 
recombination of a given transition and is directly proportional to the exciton-phonon 
coupling strength [73]. In addition, Fano resonances [74], a quantum mechanical 
coupling phenomena that occurs between a discrete level and a continuum of states, 
often appears in polar semiconductors like ZnO, since the discrete state of exciton 
LO-phonon coupling sits on top of the continuum states of exciton acoustic-phonon 
coupling [73, 75]. The intensity of first LO replica of I6a exciton is greatly reduced by 
the Fano resonance, and is sometimes even much lower than that of the second LO 
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replica. 
2.4 Defects in ZnO 
 
Defects such as vacancies, interstitials, substitutions, dislocations, and stacking 
faults usually exist in the ZnO lattice. These imperfections in semiconductors are 
sometimes vital, providing free electrons or holes necessary for functional devices; 
and are sometimes fatal, compensating the donors or acceptors unintentionally to 
deteriorate device properties [76]. Common defects in the ZnO lattice will be 
discussed in this section. 
 
2.4.1 Intrinsic point defects 
 
  In thermodynamic equilibrium and in the dilute regime, the concentration c of an 
point defect or complex in ZnO depends on its formation energy Ef and is given by the 
expression: 
exp( )
f
sites config
B
Ec N N
k T
  ……………… (2.9) 
Here, Nsites is the number of sites in the lattice (per unit volume) where the defect can 
be incorporated. Nconfig is the number of equivalent configurations in which the defect 
can be incorporated. kB is the Boltzmann constant, and T is the temperature in Kelvin. 
The formation energy of a point defect is not a constant, but depends on the growth or 
annealing conditions [77], and more practically, the Zn-rich or O-rich environment 
and the Fermi level. Defects often introduce energy levels in the band gap of the 
semiconductor; these levels involve transitions between different charge states of the 
same defect [42].The relative stability of the various charge states is determined by 
the formation energy Ef  [77, 78], 
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Where D is the defect, q is the charge state of the defect (e.g., +2, +1, 0, -1, -2), ED,q 
and EH are the total energies of the host+defect and the host-only supercell, 
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respectively. EV is the bulk valence band maximum, EF is the Fermi level referenced 
to the bulk valence band maximum, ni is the number of added or removed atoms to 
create the defect, and i is the chemical potential of the defect species. 
  The value of the Fermi level where charge states q and q’ are equal in formation 
energy defines the transition level [78] ε( / ’): 
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  The formation energies as a function of Fermi level position for native defects in 
ZnO are shown in Figure 2.8. Although locating at the same Fermi level and having 
the same charge, the same defect shows quite different formation energies in Zn-rich 
and O-rich conditions, because of the different chemical potentials of the defect 
species at different conditions. Besides the formation energy, the migration barrier of 
point defects is also important, which determines the mobility of the defect species. 
 
 
 
Figure 2.8: Formation energies as a function of Fermi-level position for native defects in ZnO. 
Results for both Zn-rich and O-rich conditions are shown [42]. 
 
Oxygen vacancy (Vo) can be easily created by annealing in oxygen-deficient 
environment. Experiments show that the oxygen vacancy locates mainly near the 
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surface of the ZnO crystal within 1 μm. The oxygen vacancy is a deep and negative-U 
donor, where the 2+ charge state is more thermodynamically stable [79]. Oxygen 
vacancy was frequently believed to be the origin of the green luminescence band 
centered around 2.4 eV [80], but this assignment seems to be not correct by recent 
investigations: electron irradiation, which produces O vacancies and other defects, 
leads to a reduction in green luminescence and an increase in PL bands near 600 and 
700 nm [81, 82]. Also, the configuration coordinate diagram calculated for the O 
vacancy does not show any transitions consistent with the green emission [83]. 
Zinc vacancy (VZn) is a deep acceptor with energy level E(0/−1) = 0.18 eV 
and	E(−1/−2) = 0.87 eV. These levels are too deep to act as a shallow acceptors [42, 
84]. In contrast to VO, VZn is suggested to account for the green luminescence [79]. 
  Interstitial zinc (Zni) is a shallow donor. It has a high formation energy in n-type 
ZnO and is a fast diffuser with migration barriers as low as 0.57 eV. Therefore, even if 
it is formed, the interstitial zinc is not stable at room temperature due to the fast 
diffusion [42, 85]. 
 
2.4.2 Extrinsic point defects 
 
  Hydrogen is unintentionally incorporated into ZnO and exists in three different 
forms: interstitial hydrogen, substitutional hydrogen and hydrogen molecules. 
Interstitial hydrogen (Hi) [86] and substitutional hydrogen at the oxygen vacancy (HO) 
are shallow donors [87] and can induce n-type conductivity in ZnO [88, 89]. The 
electrically inactive hydrogen molecule (H2) also exists in ZnO [90]. In addition, 
substitutional acceptors could be passivated by the formation of acceptor-hydrogen 
complexes, like NO-H [91], LiZn-H [92]. 
  Group-I metal impurities (Li, Na, K) are detected in hydrothermally grown ZnO 
crystals in noticeable concentrations. Li and Na substitute the sites of Zn and act as 
acceptors. However, these acceptors are compensated by the simultaneously 
introduced donors: Li and Na on the interstitial sites [93, 94]. There were a few 
reports of p-type ZnO samples doped with Li or Na [95], however, further 
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confirmation is missing. Cu is also a common trace impurity in ZnO crystals. Cu 
forms a deep acceptor level and is a candidate for the green luminescence band in 
ZnO [96, 97]. 
  Group-III impurities (Al, Ga, In) always exist in ZnO crystals independent of the 
growth methods. Al, Ga and In atoms on Zn sites are shallow donors. These donors 
are the chemical origin of I6, I8 and I9 bound exciton recombinations in the PL 
spectrum of ZnO [11]. They are also an important source for the natural n-type 
conductivity in ZnO. 
  Group-V impurities (N, P, As, Sb) were supposed to be the prospective candidates 
for the p-type doping of ZnO. Among them nitrogen has particularly drawn the widest 
attentions for two reasons: i) nitrogen has a similar ionic radius as the oxygen atom, 
and ii) nitrogen gases are convenient dopants. But recent investigations from both 
theory [98] and experiments [12] show that nitrogen is actually a deep acceptor with 
ionization energy of 1.3 eV in ZnO. First-principles calculations predict that P, As and 
Sb are also deep acceptors [99, 100]. In spite of this, there are reports of shallow 
acceptor levels induced by As [101] and Sb [102]. 
 
2.4.3 Extended defects 
 
Dislocations frequently exist in ZnO crystals. The density of dislocations is 
determined by etching the surface and counting the etch pits. Hetero-epitaxial layers 
typically contain threading dislocation densities of 109 cm-2, due to the lattice 
mismatch near the interface [79]. The typical PL lines Y0, Y1 and Y2 at 3. 333 eV, 
3.336 eV and 3.346 eV, respectively, all originate from structural defects (most 
probably dislocations) [103]. 
Bulk ZnO samples, epitaxially grown ZnO layers, and ZnO nanostructures 
frequently exhibit a characteristic emission band at 3.314 eV, which is ascribed to (e, 
A0) transition of a conduction band electron to an acceptor. The acceptor state is 
caused by stacking faults and has an ionization energy of 130 meV [68]. 
The atoms in grain boundaries have different local environments from those in 
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ideal bulk lattice. Defects at grain boundaries play an important role in ZnO varistors 
[104]. First principles calculations reveal that, the deep acceptor NO in normal ZnO 
lattice turn to be shallow acceptor in the grain boundaries region, which makes p-type 
grain boundary embedded between n-type ZnO grains [105, 106]. 
Absorbed species and dangling bonds may result in surface state levels in the band 
gap of ZnO. An exciton bound to a surface defect was proposed to be the origin for 
the commonly observed emission at 3.367 eV in ZnO structures. Surface exciton 
emissions are easier to appear in thin films and nanostructured samples, and will be 
strongly affected by the detailed nanostructure morphology [107-109]. 
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Chapter 3 
Growth methods and experimental techniques 
 
In this chapter, the methods of growing ZnO single crystals and thin films will be 
reviewed; the processing and characterization tools of samples will be introduced and 
explained. 
 
 
3.1 Growth methods of ZnO single crystals 
 
  If a comparison between GaN and ZnO is made, very often two advantages of ZnO 
will be mentioned. One is the huge variety of different growth techniques available to 
fabricate ZnO; the other is the possibility to grow thin films homoepitaxially on ZnO 
substrates, which eliminates the lattice-mismatch on foreign substrates. High quality 
single ZnO crystals are important not just for basic investigations but also for device 
applications. 
 
3.1.1 Hydrothermal growth 
 
  In the hydrothermal method (also called solvothermal method), water is used as a 
polar solvent and the ZnO solute (nutrient) are placed in an autoclave which can 
simply be described as a pressurized vessel designed to heat aqueous solutions above 
their boiling point. Generally, about 70 - 90% of the autoclave volume can be filled [7, 
110]. Figure 3.1 shows the schematic illustration of a hydrothermal growth system. 
The nutrient which is composed of sintered ZnO pellets is dissolved in the hotter zone 
which is located at the bottom section of the autoclave (with temperature T1 in Figure 
3.1). The aqueous solution saturated in the lower part is transported by convective 
motion of the solution to the upper zone housing the ZnO seed crystals  
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Figure 3.1: Schematic illustration of autoclave for hydrothermal growth method [111]. 
 
suspended by Pt wires. The upper zone is maintained at a lower temperature (T2 in 
Figure 3.1) to provide supersaturation. The temperature difference, ∆T, between the 
growth zone and the dissolution zone should be smaller than 20 K. The control of ∆T 
within 3 K is necessary to suppress the tendency towards spontaneous nucleation and 
flawed growth of ZnO [111]. The seeds and the particular nutrients are placed into a 
Pt crucible, which is also frequently referred to as the liner [112]. The volume 
between the autoclave and the liner is filled with a suitable amount of distilled water 
for pressure balancing to prevent the liner from serious deformation. 
  The hydrothermal growth of ZnO is performed in a temperature range from 300 to 
430 oC at a pressure from 70 to 250 MPa. Under such conditions, water can reach a 
supercritical state. The enhanced acidity and diffusivity of water above the 
supercritical point favors ionic process such as dissolution of ZnO. However, the 
solubility of ZnO in supercritical water remains insufficient for hydrothermal growth, 
which makes the use of mineralizers necessary. Mineralizers increase the solubility of 
ZnO by forming metastable compounds, which later decompose at the growing 
crystals face. LiOH, NaOH, KOH, Li2CO3 and H2O2 have been employed as 
mineralizers. And the best solvent for ZnO is an appropriate mixture of KOH and 
LiOH [113].  
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An important feature of the hydrothermal method is that more than one seed crystal 
can be placed into the autoclave and more than one crystal can be grown at a time. 
Hydrothermal growth is a bulk growth method for ZnO, and freestanding wafers up to 
3 inch in diameter (Tokyo Denpa) have been produced [110]. 
 
3.1.2 Melt growth 
 
  The melt growth of ZnO presents two unique challenges: i) the dissociation of ZnO 
into Zn and O2 at the melting point which is as high as 1975 oC; ii) the high 
equilibrium total vapor pressure (1.06 bar) above ZnO at the melting point. Therefore, 
to maintain the ZnO melt stable, the total pressure of oxygen-containing atmosphere 
in the growth chamber must be considerably larger than 1.06 bar. However, the 
prevention of corrosion of the crucible containing molten ZnO under highly oxidizing 
conditions is a serious challenge [111]. Two different modification of the Bridgman 
technique were proposed and implemented recently: 1) pressurized melt growth with 
water-cooled crucible [9], and 2) utilizing iridium crucible and CO2 atmosphere [8]. 
  1) Pressurized Melt Growth: The pressurized melt growth process developed by 
Cermet Inc employs a skull melting of ZnO and a positioning system typical for the 
Bridgman technique. The vessel is a high pressure melting apparatus wherein the melt 
is contained in a water-cooled crucible under oxygen overpressure (see Figure 3.2a for 
a simplified schematic diagram). ZnO powder is chosen as starting material and 
melting is accomplished by radio frequency (RF) induction heating at about 1900 oC. 
Once the melt state is attained, the crucible is slowly lowered down from the heated 
zone to allow controlled crystallization of the melt, meanwhile, the hot crucible was 
cooled by water to reduce the corrosion. In this way, ZnO boules up to 50 mm in 
diameter have been achieved [111]. 
  2) Bridgman Growth with Iridium Crucible: Although it was initially believed that 
there is no suitable material which can withstand elevated temperatures near 2000 oC  
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Figure 3.2: (a) schematic system of the pressurized melt growth and (b) schematic system of 
Bridgman growth with iridium crucible.  
 
in oxygen-containing atmosphere, Schultz et al. [114] have demonstrated that the 
Iridium crucible has a sufficiently low oxidation rate when exposed to elevated 
oxygen pressures at 1975 oC (melting point of ZnO). However, the oxidation rate of Ir 
is serious in the range of 1000 – 1200 oC and the Ir crucible will be destroyed during 
heating. Oxidation rate of iridium exposed to elevated oxygen partial pressures is at a 
maximum at around 1000 oC. This problem was solved by using the gas CO2. At 
temperatures around 1000 oC the pressure of oxygen resulting from CO2 dissociation 
is sufficiently low to avoid Ir oxidation/deterioration, but high enough to keep the 
ZnO melt stable at 1975 oC [115]. 
  The growth setup is schematically illustrated in Figure 3.2b. The growth chamber is 
evacuated and then filled with either a mixture of 6 vol% CO2 in Ar or with pure CO2 
to a pressure of 17.5 bar. The crucible with ZnO powder is heated up to 1975 oC. At 
the melting point of ZnO, the total pressure inside the growth chamber reaches 
approximately 19 bars. The electrical power is switched off, the crucible is cooled 
down slowly and ZnO melt begins to crystallize. Single crystal ZnO boules of 33 mm 
in diameter and 40 mm in length have been successfully grown by this technique, and 
33 mm diameter wafers were cut from such boules [111, 116]. 
  The melt growth offers multiple crystal orientations (c-, a-, and m-plane) made by 
three-dimensional nature of growth, and in-situ doping control of semi-insulating or 
heavily n-type conductivity [18]. 
(a) (b) 
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3.1.3 Seeded chemical vapor transport growth 
 
In the method of seeded chemical vapor transport (SCVT), chemical reactions and 
crystal growth take place in a closed horizontal glass ampoule [117]. Pure ZnO 
powder used as the nutrient is placed at the hot end (hot zone) of the tube that is kept 
at about 1150 oC, after dissociation reactions the material is transported to the cooler 
end of the tube, which is maintained at about 1100 oC, by using H2 as a carrier gas. 
The reaction in the hot zone is ZnO(s) + H2(g)	→Zn(g) + H2O(g) (if small amount of 
graphite powders were mixed into the nutrient, corresponding reaction will be ZnO (s) 
+ C(s)	→Zn(g) + CO(g) [118]). At the cooler end, ZnO is formed by the reverse 
reaction, assisted by a single-crystal seed, as shown in Figure 3.3. To maintain the 
proper stoichiometry, a small amount of water vapor is added. 2 inch diameter ZnO 
crystal with 1 cm in thickness has been achieved after 150-175 hours’ growth [111]. 
Seeded chemical vapor transport using chlorine and carbon as transporting agents has 
also been used to achieve ZnO crystal growth at moderate temperatures of 950 – 1000 
oC [119]. The unique feature of SCVT method is the high purity of as-grown single 
crystals at the expense of low growth rate and output. 
 
 
Figure 3.3: Typical horizontal cylindrical ampoule for seeded chemical vapor transport growth 
 
3.1.4 Open-system physical vapor transport growth 
 
  Hydrothermal growth is presently believed to be the only approach which is 
capable of providing commercially mass production of ZnO crystals; however, the 
hydrothermal crystals inevitably incorporate alkali metals (K and Li) from aqueous 
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mineralizers [112] and small amounts of metallic impurities from the solution. 
  Melt growth seems to be a promising method to compete with hydrothermal growth. 
However, it is still considered to be at the developmental state, and the near-term goal 
is to avoid the grain boundaries and thermal stress, which result from the considerable 
temperature gradient near the crucible wall. Pressured melt growth also suffers from 
high concentrations of residual impurities. 
  Although seeded chemical vapor transport (SCVT) method provides the lowest 
concentration of residual impurities among the three approaches, SCVD has a very 
low growth rate. In addition, SCVT is usually performed in a sealed glass ampoule, 
the pressure and vapor ingredients inside the ampoule could vary from their starting 
point after several hours’ reaction and growth. These varities definitely affect the 
quality of as-grown ZnO crystals. In addition, thermal stress will appear during the 
cooling of the ampoule wall [120]. 
To grow good quality ZnO single crystals, a low-cost and open-system vapor 
transport growth under atmospheric pressure is adopted in this thesis [121-125]. 
Briefly, ZnO pellets were reduced to Zn vapor at elevated temperature (T1 varied from 
800 to 1300 oC) by the incoming H2 gas. N2 was employed as carrier gas to transport 
the Zn vapor to the growth zone. O2 was introduced into the furnace chamber from the 
opposite direction to oxidize the zinc vapor in the region of higher temperatures (T2 
could be varied from 1000 to 1400 oC). ZnO nucleates spontaneously on the zinc 
oxide cone and grows to needle-shaped single crystals [124]. The growth duration 
was chosen from 1 h to 40 h. More detailed growth procedures will be described and 
discussed in chapter 4. 
 
3.2 Growth methods of ZnO thin films 
 
3.2.1 Review of main approaches for growing ZnO films 
 
  Pulsed Laser Deposition (PLD): PLD [126] uses high energy pulsed laser radiation 
to vaporize by photon absorption the surface of the ZnO target material to be 
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deposited as a thin film on a substrate. A schematic PLD system for the growth of thin 
films is shown in Figure 3.4. Intense laser pulses of nanosecond duration range are 
focused in a vacuum chamber onto a target surface where they are absorbed. Above a 
 
 
Figure 3.4: Schematic description of a PLD experimental set-up 
 
threshold power density depending upon the target material (generally around 50 
mW/cm2), significant material removal from the target occurs in the form of an 
ejected luminous plume whose species are collected on a substrate. The substrate can 
be heated to certain temperature to ensure the growth of crystalline material. PLD 
allows the growth of thin films in oxygen pressure (from 10-6 to 1 mbar) with the 
same composition as that of the target. This makes PLD particularly well suited for 
growing thin films of oxides, such as ZnO. Crystalline ZnO films can be obtained by 
PLD at temperature as low as 200 oC [127]. The high kinetic energy of the species 
(10-100 eV) emitted from the target enables an enhanced surface mobility of these 
species on the growing films [128]. 
  Metalorganic Chemical Vapor Deposition (MOCVD): In MOCVD [126] ultra-pure 
gases are injected into a reactor and finely controlled to deposit a very thin layer of 
atoms onto a prepared substrate. The well-controlled film growth is based on the 
chemical reactions of various gaseous, liquid and solid precursors. With consideration 
of the cost, safety, purity, availability, growth rate and the key problem of premature 
reactions between the Zn metalorganic compounds and the oxidants, DEZn, 
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(C2H5)2Zn, is the most used Zn precursor in the MOCVD growth of ZnO eptaxial 
films, and O2, CO2, N2O or t-BuOH as oxygen sources are mostly used with a 
separate injector geometry. Since MOCVD growth has the thermodynamic 
equilibrium characteristic, high quality ZnO films on various substrates have been 
successfully obtained [126]. Finally, hydrogen and carbon incorporation poses a 
substantial problem during the MOCVD growth of ZnO at low temperature [51].  
  Molecular Beam Epitaxy (MBE): MBE is an extremely versatile vacuum deposition 
technique for preparing thin semiconductor layer. For materials containing O, as in the 
case of ZnO, the gas species are provided in their reactive state, by an RF plasma. 
 
 
 
Figure 3.5: Schematic diagram of an RF assisted MBE system 
 
The main advantage of MBE is its precise control over the growth parameters and in 
situ diagnostic capabilities. MBE growth is carried out under conditions that are 
governed by the kinetics, rather than by mass transfer [129]. Thin films are formed on 
a heated substrate through various reactions between thermal molecular beams 
(atomic beams in the case of RF activated oxygen) of the constituent elements, which 
participated in the form of surface species. The typical growth rate of slightly more 
than one monolayer per second, is sufficiently low to allow migration of the 
impinging species on the surface (in the case of ZnO, one monolayer constitutes 
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a O/Zn bilayer) [18]. For ZnO films deposition by MBE, Zn metal and O2 are usually 
used as the source materials. Because of the high molecular bonding energy of O2 
[130], sources of reactive radical oxygen species are needed. Typically an MBE 
deposition system for ZnO growth consists of a conventional MBE chamber, but with 
added equipment, such as a RF source. A schematic diagram for a typical RF assisted 
MBE system is shown in Figure 3.5. 
  RF Magnetron Sputtering: The schematic diagram of a typical RF magnetron 
sputtering system [18] is shown in Figure 3.6. In magnetron sputtering, the growth is 
usually carried out in an ambient of O2/Ar + O2, with ratios ranging from 0 to 1 at a  
 
 
 
Figure 3.6: Schematic illustration of an RF magnetron sputtering system with DC power supply 
 
pressure of 10-3 – 10-2 Torr. O2 serves as the reactive gas and Ar acts as the sputtering 
enhancement gas. ZnO can also be grown by DC sputtering from a Zn target in an Ar 
+ O2 gas mixture. The RF power applied to the plasma is tuned to regulate the 
sputtering yield rate from the ZnO target. The target is pre-sputtered for 5 – 15 min 
before the actual deposition begins to remove any contamination on the target surface, 
this makes the system stable, and allows optimized deposition conditions. 
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3.2.2 Vapor phase transport method for growing ZnO films 
   
  In order to integrate future ZnO devices with Silicon IC technology, the growth of 
ZnO films on Si substrates has attracted a great deal of attentions [131-133]. In this 
thesis we grow ZnO films on silicon substrate by a simple and low cost vapor 
transport method.  
 
 
 
Figure 3.7: Schematic illustration of vapor transport method for growing ZnO films on Si 
 
  As shown in Figure 3.7, the main setup is a horizontal Al2O3 ceramic tube in a 
furnace. Zn vapor was produced from ZnO pellets by reduction in H2 gas at 
temperature T1. Si substrate, which was etched by 10 vol% HF solution, was placed at 
the end of Al2O3 ceramic tube with higher temperature T2. N2 was employed as carrier 
gas to transport the zinc vapor to the growth region. O2 was introduced into the 
furnace chamber to oxidize the zinc vapor on the surface of Si substrate. ZnO layer 
was subsequently formed on the surface of the Si substrate. Besides the sintered ZnO 
pellets, ZnO powers and Zn powders are also used to provide the source of zinc vapor. 
More details of the ZnO films growth on Si substrates will be given in chapter 5. 
 
 
3.3 Processing techniques of ZnO samples 
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The needle-like ZnO single crystals and ZnO thin films samples were carefully 
collected from the growth tube. In addition, both as-grown ZnO samples and 
commercially bought ZnO crystals are subjected to several processing procedures for 
various characterizations and investigations.   
Etching of ZnO crystals was performed at room temperature in orthophosphoric 
acid, with an etching speed of about 0.6 μm/min. 
The thin film samples on Si substrate were cut by a diamond knife and the cross 
section after cutting was mechanically polished to ensure the characterization of 
scanning electrons microscopy (SEM). 
The annealing of ZnO samples was performed in a furnace with temperatures from 
50 oC to 1000 oC under flowing Argon atmosphere. Some samples were annealed in 
sealed glass ampoules, which were filled with gases (such as O2, H2, N2) of 0.5 bar 
after evacuation of air, and the hot ampoules were finally quenched to room 
temperature in water in seconds. 
The DC remote plasma treatment of ZnO crystal was performed in a setup shown in 
Figure 3.8 [134]. Single N2 gas or N2+O2 mixture with 1:2 volume ratios was  
 
 
 
Figure 3.8: Sketch of the remote DC plasma setup [134] 
 
introduced into the chamber with a pressure of 0.4 mbar and temperature of 300 oC. 
The bias voltage is set to 510 V and the acceleration voltage is set to 200 V. When the 
gas passes through the space between two plate electrodes, the gas molecules are 
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ionized and the DC plasma forms with a pink color. The ion hit to the sample surface 
with the help of acceleration field. 
The radio-frequence (RF) plasma treatment was carried out by 2 different setups 
and gas sources are N2 (home-built RF plasma setup) and N2O (Roth&Rau 
microsystem, AK800 Inline PECVD), respectively. The sketch of the two different RF 
plasma setup are shown in Figure 3.9. 
 
  
 
Figure 3.9: Sketch diagram of two different RF plasma setup: a) N2 plasma and b) N2O plasma 
 
3.4 Characterization techniques of ZnO single crystals/thin films 
 
3.4.1 Photoluminescence 
 
Photoluminescence (PL) spectroscopy is a direct probe of a semiconductor’s 
electronic band structure. It can be used to qualitatively address materials purity and 
structural quality by studying the PL features intrinsic to the material, such as the 
band-to-band transition and free excitonic features. Impurities or structural defects 
could also be detected by PL. The non-destructive nature and easy parameter control 
by laser excitation make PL spectroscopy a powerful technique for semiconductor 
characterization. The experimental set up used for the PL spectroscopy measurements 
is shown in Figure 3.10 [62]. ZnO samples were placed inside liquid Helium in an 
Oxford cryostat, which can keep the temperature of sample constant between 3.5 K 
and 300 K, with the help of a PID temperature controller. A typical He-Cd laser,  
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Figure 3.10: Typical photoluminescence setup using He-Cd laser 325 nm excitation 
 
which is operating at 325 nm (3.815 eV) with 3 mW power, provided above band gap 
excitation of the samples. Light emitted in the direction normal to the sample surface 
was focused by a lens with high UV transmission and was dispersed by a f = 1 m. 
single grating monochromator (SPEX, 1740X) equipped with a 1200 rules/mm 
UV-blazed diffraction grating and detected by a Peltier-cooled photomultiplier (PMT) 
(Hamamatsu, R943-02). PL signals were processed by lock-in technique. A stepper 
motor attached to the grating sinebar lead screw gave a minimum spectral step size of 
0.00415 nm although 0.01 nm was usually sufficient for the sharpest bulk ZnO PL 
spectrum. Spectrometer slit width were in the range of 10 -200μm. The PL spectra of 
ZnO samples were typically recorded in four separate spectral ranges (366 ~ 370 nm, 
370 ~ 375 nm, 375 ~ 395 nm and 395 ~ 700 nm) with different slit widths for signal 
collecting. The different spectra were normalized to one spectrum. 
With consideration of the actual photomultiplier response and different absorption 
coefficient of optical lens and filter at different wavelength from UV to visible, the 
relative intensity of recorded spectrum could be somewhat varied. The measurement 
system was calibrated with reference to the well-known spectrum of blackbody 
radiation [135]. In addition, wavelength calibration of the spectrometer is also 
performed with reference to the known peaks of reference samples. 
Liquid 
He 
He-Cd 
325 nm 
PMT 
4.2 Cryostat 
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The peak position in the PL spectra may change from sample to sample due to the 
strain, surface modification or small systematic errors in the experiment. A single PL 
spectrum is usually not sufficient to unambiguously identify the origin of specific 
peaks [62]. Temperature dependent and excitation power dependent PL spectra can 
provide additional supports for peak identification. 
The temperature dependence of the intensity can be used to establish the activation 
energy for bound exciton transitions if the emission intensities (absolute intensity or 
integrated intensity of one peak) can be determined. The PL intensity can be modeled 
by the fit to the following equation: 
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where I(0) is the PL intensity at T = 0 K, A is related to the efficiency of the decay 
channel, kB is the Boltzmann constant, and the energy terms Ea is the activation 
energy of the decay channel. For bound exciton transition the activation energy 
corresponds to the localization energy of the exciton [73].  
The excitation power (laser intensity) can be very easily varied by simply placing a 
neutral filter with a known transmission curve in front of the laser. The excitation 
power can be precisely varied over three orders of magnitude from 0.1 mW to 50 mW. 
The excitation power dependence of the PL emission can be described in general by a 
power law. 
I	∝ Pk    ……………. (3.2) 
Where I is the emission intensity of observed peak, P is the laser excitation power and 
k is a coefficient which depends on the nature of the recombination process. For free 
and bound excitons, k is shown to be 1< k < 2; and for free-to bound and DAP 
transitions, k is shown to be k < 1 [136, 137]. In addition, a characteristic of the DAP 
transition is the blue shift of peak maximum with increasing excitation power [59]. 
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3.4.2 X-ray diffraction analysis 
 
The structure and crystal quality of ZnO semiconductor can be determined by 
X-ray diffraction (XRD), XRD is a non-contact and non-destructive tool for 
characterization. It is based on the Braggs law: nλ = 2dsinθ, where n is the order of 
refraction, λ is the wavelength of the incident X-rays (typically with a Cu Ka line at 
λ = 0.15405 nm), d is the distance between atomic planes in the lattice and θ	is the 
angle of incidence. The diffraction pattern (the intensity of diffracted x-ray beam vs. 
2θ angle) can be used as fingerprint to determine the crystal structure of the material, 
The angular position of the peaks in diffraction pattern give an indication of the lattice 
parameters; while the width (rocking curve) of the peaks give an indication of the 
uniformity of the crystal, where the width of the peak is roughly proportional to the 
defect density. An URD 6 (Seifert-FPM) diffractometer with a Cu Ka x-ray tube and a 
step size of 0.01o was used for 2θ	scan between 20o and 80o at room temperature. 
 
3.4.3 SEM, EBSD and Cathodoluminescence 
 
Scanning electron microscopy (SEM) is a non-contact, non-destructive technique 
for imaging the surface topography. The mode “secondary electron imaging” is 
mainly used to examine the surface morphology with typical resolutions in the order 
of 5 -10 nm. The mode “backscatter electron imaging” is used to qualitatively analyze 
the chemical element compositions near the sample surface by employing energy 
dispersive X-ray spectroscopy (EDX). The surface morphologies of the needle-shaped 
ZnO crystals, thin films and film cross-section were examined by a FEG-SEM, Carl 
Zeiss Ultra 55 at 10 KV acceleration voltages. The elemental analysis of local areas 
on the sample surface was conducted in the same SEM which was equipped with 
EDX detector (DBruker axs, XFlash detector 4010). 
When an electron beam is incident on a tilted crystalline sample, electron 
backscatter diffraction (EBSD) patterns can be formed on a suitably placed phosphor 
screen. The diffraction pattern consists of a set of Kikuchi bands which are 
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characteristic of the sample crystal structure and orientation [138]. The position of the 
Kikuchi bands can be analyzed automatically. They allow to calculate the crystal 
orientation of the sample region that formed the pattern [139]. The crystallographic 
orientations of the ZnO needle-shaped crystals were determined by EBSD using an 
HKL Nordlys EBSD detector and Channel5 software, and conducted with the sample 
tilted at a angle of 70o [124]. 
Cathodoluminescence (CL) is the emission of photons of characteristic 
wavelengths from a material that is under high energy electron bombardment. The 
electron beam is produced by the accelerating field in the SEM. With the addition of a 
spectrometer it is possible to record a scan of the CL intensity vs. wavelength of a 
semiconductor. The CL of ZnO samples was also measured in the same SEM 
equipped with CL accessory under 10 KV accelerating voltages, and the CL signal is 
dispersed by the monochromator equipped with 500 rules/mm grating and detected by 
CCD camera with step size of 0.4 nm at room temperature.  
 
3.4.4 Electrical conductivity measurement  
 
Electrical characterizations of the ZnO samples were carried out by 
Current-Voltage curves (I-V) and thermoelectrical measurement. I-V curves were 
employed to measure the resistivity of shaped needle-crystal samples at room 
temperature. Thermoelectrical measurements were also used to determine the carrier 
type. The Ohmic contacts in these measurements were made of In-Ga alloy.
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Chapter 4  
Vapor phase growth of ZnO single crystals 
 
A low-cost and open-system vapor phase method was used to obtain high quality 
ZnO single crystals with low defect concentrations. The technique has the flexibility 
of doping during the crystal growth. 
 
4.1 Introduction 
 
  The traditional growth methods (hydrothermal, melt growth, and seeded chemical 
vapor transport), have the drawbacks of high complexity, relatively high cost and 
incorporation of Alkali metals. We used instead an open-system vapor phase method 
[121-123, 125] to grow needle-shaped ZnO single crystals. The oxidation of Zn vapor 
was performed in a heated open growth tube. In this work, three different growth 
tubes were employed: i) Al2O3 tube + ZnO cone, ii) ZnO tube, and iii) Al2O3 tube. In 
the first type of growth tube, the structure of ZnO cone can provide larger areas for 
nucleation. This is beneficial to produce more ZnO crystals in one growth. However, 
the ZnO ceramics can be destroyed by reacting with H2 transport gas after long-term 
growth. As a result, the growth with Al2O3 tube was proposed with a layer of 
polycrystalline ZnO coated on the Al2O3 tube tip prior to the growth of ZnO single 
crystals. Furthermore, the dominant factors, including growth temperatures and gas 
flow rates, in the crystal growth were also investigated in this chapter. 
 
4.2 Growth principles and growth setup 
 
  The growth principles of ZnO single crystals by our open-system vapor transport 
method are described in Figure 4.1. The growth tube consists of a Al2O3 ceramic 
(AdValue Technology, inner diameter of 38.5 mm and length of 380 mm) and a cone 
made of ZnO ceramics (diameter of 44.5 – 80 mm and length of 80 mm). The ZnO 
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ceramics was made of ZnO powders (Pharma 8, Grillo Zinkoxid GmbH) by 
isostatically pressing and 1200 oC sintering. The source materials for the ZnO pellets 
used during growth are made of the same ZnO powders by isostatically pressing and 
sintering at 800 oC. The main contaminants of the Al2O3 tube material and the ZnO 
powder are given by the vendors and listed in Table 4.1. The ZnO pellets placed in the 
horizontal tube were reduced to zinc vapor at elevated temperatures (T1 varied from 
800 to 1300 oC) by the incoming H2 gas (see equation (4.1)), 
 
1
2 2ZnO (s) + H Zn (g) + H O (g)
T

 ……………. (4.1) 
 
N2 was employed as carrier gas to transport the zinc vapor to the growth zone. O2 
was introduced into the furnace chamber from the opposite direction to oxidize the  
 
 
 
Figure 4.1 Illustration of the open-system vapor transport process for ZnO single crystals growth 
in horizontal Al2O3 tube and ZnO cone.  
 
zinc vapor (see equation (4.2)) in the region of higher temperatures (T2 could be 
varied from 1000 to 1400 oC), 
 
2
22 Zn (g) + O 2 ZnO (s)
T

 ……………. (4.2) 
ZnO nucleates at the zinc oxide cone and grows to needle-shaped single crystals at 
atmospheric pressure. The usual gas flow of H2, O2 and N2 was chosen to be 5-50, 
5-50, 500-1200 sccm (standard cubic centimeters per minute), respectively. The 
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growth duration was chosen from 1 to 40 h. 
 
Table 4.1: Chemical composition  
of the ZnO powder and Al2O3 ceramic tube. 
Items Chemical composition Content 
ZnO powder 
ZnO 99.9% 
Pb 10 ppm 
Cu 0.1 ppm 
Cd  1 ppm 
Fe  2 ppm 
Mn 0.1 ppm 
S 10 ppm 
Cl 10 ppm 
Al2O3 ceramic tube 
Al2O3 >99.5% 
SiO2 <0.1% 
Fe2O3 <0.05% 
R2O <0.1% 
 
  The growth was performed in the HT-1800 high temperature furnace (Linn High 
Therm GmbH) equipped with constant water cooling and a precise digital mass flow 
controller meter (MKS 647C and 1179B), as shown in Figure 4.2(a). The temperature 
profile in the growth tube was plotted along the tube axis in Figure 4.2(b), where x = 
0 indicates the end point of the Al2O3 tube outside the oven. Temperature distribution 
inside the tube is the most important parameter that can greatly influence the single 
crystal growth of ZnO. Higher temperatures lead to more zinc vapor production and to 
a higher growth velocity of ZnO single crystals. As depicted in Figure 4.2(b), ZnO 
source pellets were placed at the gray color reductive region at temperature T1, which 
was located at 39 -43 cm along the tube axis. ZnO single crystals formed at the gray 
color growth region at temperature T2, which was located at 49-50 cm along the tube 
axis.  
In addition to the above growth configuration in Figure 4.1, two other 
configurations for the growth of ZnO single crystals were used. Figure 4.3 shows the 
use of ZnO ceramic tube without cone, ZnO single crystals grew on the tip of ZnO 
tube instead of the inner surface of the ZnO cone. Both configurations in Figure 4.1 
and Figure 4.3 had ZnO ceramics, and ZnO ceramics can be eroded by H2 gas. Both  
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Figure 4.2 (a) the growth tube of open-system vapor transport method in HT-1800 furnace, and (b) 
the temperature profile in the growth tube. 
 
of them suffered from the problem of tube breaking during the growth. Since Al2O3 
ceramic tube cannot be eroded by H2 gas and could be used for longer growth hours, 
an Al2O3 tube for the growth of ZnO single crystals was used as shown in Figure 4.4. 
 
(a) 
(b) 
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Figure 4.3: Illustration of the open-system vapor transport process for ZnO single crystals growth 
using a ZnO ceramic tube. 
   
 
 
Figure 4.4: Illustration of the open-system vapor transport process for ZnO single crystals growth 
using an Al2O3 ceramic tube. 
 
Since ZnO can easily diffuse into other ceramics, such as alumina, at high 
temperatures. [140], a layer of polycrystalline ZnO can be firmly coated on the tip of 
 
  
 
Figure 4.5: (a) original Al2O3 ceramic tube, and (b) coated Al2O3 ceramic tube with a layer of ZnO 
 
(a) (b) 
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Al2O3 tube, as shown in Figure 4.5, at a temperature of 1400 oC and flow rates of H2, 
O2 and N2 gas of 21, 15, and 1200 sccm respectively, 
 
4.3 Results 
 
Typical clusters of ZnO single crystals grown by our vapor transport setup are 
located on the ZnO cone or on the tip of ZnO/Al2O3 tube, as shown in Figure 4.6. 
These needle-shaped ZnO single crystals grow on a layer of polycrystalline ZnO 
particles which provide the preferential nucleation sites. The as-grown needle-shaped  
 
 
 
Figure 4.6: Clusters of ZnO single crystals grown by vapor transport method using (a)~(b) only 
ZnO tube, (c) Al2O3 tube + ZnO cone, (d) only Al2O3 tube. 
 
crystals have typically a maximum length of 40 mm and a maximum diameter of 1 
mm after a growth of 20 h. Occasionally, larger crystals can reach a diameter of 8 mm. 
The single crystals are transparent and clear. Typical needles are shown in Figure 
4.7(a). The SEM image of a part of one needle is presented in Figure 4.7(b), which 
illustrates that the as-grown crystal typically has regular, flat and smooth surfaces. 
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Figure 4.7: (a) Typical as-grown needle-shaped ZnO single crystals and (b) SEM image of the 
surface morphology of a ZnO crystal labeled with the indices of crystalline planes. 
 
Figure 4.8(a) shows the electron backscatter diffraction (EBSD) Kikuchi pattern taken 
from a side face of the needle-shaped crystal, the crystals grow along the x-axis of the 
coordinate system in Figure 4.8(b), which is the c-axis oriented [0001] direction in the  
 
 
 
Figure 4.8: (a) Kikuchi pattern of the as-grown crystals by electron backscatter diffraction 
(SEM-EBSD) technique, and (b) orientation of the crystal geometry with axial polar direction and 
surrounding crystalline planes. 
 
hexagonal wurtzite structure of ZnO. The surrounding side faces of regularly shaped 
needles are m-planes with indices (01-10) and p-planes with indices (01-11), as shown 
in the schematic model of the crystallographic geometry in Figure 4.8(b). 
  Low temperature PL spectra of the as-grown crystals were measured at 4.2 K to 
study the optical properties of the samples and the influence of the growth parameters. 
(a) (b) 
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Figure 4.9 represents a comparison between two samples where the growth 
parameters were varied quite substantially (see Table 4.2). The assignment of the PL  
 
 
 
Figure 4.9: Comparison of PL spectra of two samples grown under different growth conditions 
(for the growth details see Table 4.2); Inset presents a wider range PL spectra of the two samples 
(the intensities of the green band were multiplied by a factor of 40 for sample (a) and a factor of 4 
for sample (b) for better clarity). 
 
Table 4.2: Growth parameters of two different crystals 
(a) and (b) used in PL measurement shown in Figure 4.9 
Sample  (a)  (b) 
Temperature (oC) 1300 1320 
N2 flow rate (sccm) 800 1333 
H2 flow rate (sccm) 8 50 
O2 flow rate (sccm) 10 25 
Growth time (h) 20 8 
 
lines labeled in Fig.4.9 is based on the line positions, the energy separation among 
lines, and the comparison with literature [11]. The no-phonon excitonic range is 
dominated by the I6, I8, and I9 lines, which have been attributed to the decay of bound 
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excitons to the neutral shallow donor impurities Al, Ga, and In, respectively. The line 
I2 is the recombination of excitons bound to the ionized donor I9 (In). The detected 
impurities are unintentionally introduced into the crystal during the growth or from 
the source material. The transition at 3.364 eV marked as * was not recognized before 
and will be further investigated in chapter 6. The peaks at 3.322, 3.289 and 3.216 eV 
are attributed to two-electron-satellites (TES) and phonon replica transitions (1LO and 
2LO) of the bound excitons, respectively. The sharp line at 3.333 eV labeled DBX 
was assigned to the recombination of excitons bound to structural defects [11]. 
Making the assumption that the PL intensities of the peak at 3.333 eV is proportional 
to the densities of DBX-related structural defects; sample (a) shows significantly 
lower density of structural defects. The inset in Figure 4.9 presents a wider spectral 
range. The broad PL band in the green spectral region is different in both samples. 
The structure-less band in sample (b) is assigned in the literature to an oxygen 
vacancy defect [141] or an zinc vacancy defect [79], whereas sample (a) shows the 
characteristic structure of Cu-related green band [96]. 
 
 
 
Figure 4.10: Room temperature cathodoluminescence of needle crystal grown by vapor transport 
method 
 
  Room temperature CL was also employed to characterize the needle crystals at 
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room temperature. Spectra are shown in Figure 4.10. The luminescence spectrum 
consists of the strong and sharp near band gap emission and the broad visible green 
emission, this behavior was also found in the room temperature PL spectra.  
 
 
 
Figure 4.11: PL spectra measured at 4.2 K for the comparison ZnO single crystals between (a) HT 
crystals purchased from Crystec GmbH and (b) one of our vapor phase grown crystals. 
 
  Figure 4.11 compares the PL spectra (measured at 4.2 K) of a hydrothermally 
grown (Crystec GmbH) (a) and our vapor phase grown (b) ZnO crystal in the 
excitonic spectra range. The HT sample exhibits only the Al-bound exciton at 3.3608 
eV. In sample (b) the Al-bound exciton and the Ga-bound exciton are detected. The 
spectrum of sample (a) shows in addition some other small peaks (I9 or I10) at energy 
between 3.3613 eV and 3.3630 eV, since the Al-related peak has a perfect Gaussian 
shape on its left side at 3.3600 eV ~ 3.3608 eV, it’s possible to estimate the halfwidth 
of this Al-related peak. The halfwidth of the PL line in our vapor phase grown sample 
is smaller (∆λ = 0.03 − 0.04	nm) compared to the line in the commercially available 
hydrothermal crystal (∆λ = 0.12	nm ). The broadening of the spectral linewidth 
indicates additional residual inhomogeneous strain fields or electrical fields in the 
sample, which could originate from inhomogeneous impurity contaminations, 
extended defects, or a lower crystallinity. 
  The conductivity of the as-grown needle-shaped ZnO crystals is n-type from 
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thermoelectric measurements or donor-dominated PL spectra. The temperature 
dependent thermoelectric power (TEP) is –250 μV/K at room temperature by 
measuring the temperature difference and voltage between two ohmic contacts along 
c-axis [142]. The electrical resistivities of the samples were derived from I-V curves, 
which were measured between two Ohmic contacts made with In-Ga alloy at room 
temperature. Resistivities in the range of 0.5×102 - 1.0×102 Ω ⋅cm were detected, 
which correspond to a free carrier concentration of about 0.5×1015 cm-3 (assuming a 
typical room temperature electron mobility of 140 cm2/V⋅ s	[110]). 
 
4.4 Dominant factors in crystal growth 
 
The growth of ZnO single crystals in our open-system vapor phase setup depends 
on several factors. The growth duration, temperature, gas flow rate and source 
material, all influence the process of growth, the size, shape and optical properties of 
the crystals. 
 
4.4.1 Growth duration 
 
To investigate the specific influence of the growth duration in our vapor phase 
process, growth duration were selected from 2 h to 16 h, while keeping other 
parameters constant (furnace temperature T = 1400 oC, gas flow rate fN2 = 932 sccm, 
fH2 =35 sccm, fO2=30 sccm). Pictures are shown in Figure 4.12. The crystal length is 
not proportional to the growth time. The growth rate in the first 4 hours is much 
slower than that in later hours. The growth rate ratio in c-direction and the direction 
perpendicular to c-axis is lower in beginning hours and gets faster in later hours. At 
first 4 hours, the diameter of needle crystals is quite small and even smaller than the 
diameter of its polycrystalline seeds. When the diameter of the needles reaches around 
1 mm, it is difficult to increase it any more. 
Generally, the longer the growth, the larger the ZnO crystal will be. However, it’s 
not always the case. Firstly, the anisotropic feature of fairly fast growth in c direction 
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4.4.2 Growth temperature
 
  While keeping a constant growth duration (8 h) and 
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2 4 6 8 10 12 14 16
Growth duration (h)
of ZnO crystals by vapor phase method at different 
e same, (b) average length of needle crystals vs
nucleation density near the tube tip is too high, the 
These are obsta
e crystal in the vapor phase method. 
 
identical gas flow rate
 
 
 
duration hours 
. growth duration 
cles to 
s (fN2 = 
Chapter 4 Vapor phase growth of ZnO single crystals 
57 
932 sccm, fH2 = 35 sccm, fO2 = 30 sccm), different furnace temperatures were selected 
from 1100 oC to 1400 oC and the results of growth were shown in Figure 4.13. If the 
furnace temperature was set to be lower than 1100 oC, no ZnO crystals are obtained; a 
growth temperature above 1400 oC for long hours is not allowed in our furnace. The 
growth temperature is the most significant factor for the growth of ZnO single crystals. 
It influences not only the reductive reaction of source materials, but also affects the 
nucleation on tube tip and the surface diffusions of atoms on the growing crystals. 
Crystal size and crystalline quality were improved with increase of furnace 
temperature from 1100 oC to 1400 oC. The reason seems to be the faster surface 
diffusion of atoms at higher growth temperature. 
 
 
 
Figure 4.13: The growth of ZnO crystals by vapor phase method at different temperatures while 
keeping other parameters the same. 
 
4.4.3 Gas flow rates 
   
Influence of N2 gas flow: N2 gas is used as carrier gas to transport zinc vapor from 
the reductive region to the growth region. N2 gas flow can also indirectly influence 
the crystal growth. As described in Figure 4.14, when the furnace temperature (1400 
oC), growth duration (8 h), and flow rate of H2, O2 (fH2 = 14 sccm, fO2 = 12 sccm) are 
fixed, N2 flow rates are changed from 0.280 SLM (standard liters per minute) to 0.746 
SLM. As shown in Figure 4.14, lower N2 flow rates led to no crystal growth and 
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higher N2 flows rate led to fast growth of ZnO needles. This could be understood by 
the reaction balance of ZnO reduction: ZnO(s) + H2 ⇌	Zn(g) +H2O(g). At lower 
carrier (N2) flow rate, the reduced zinc vapor cannot be effectively transported to  
 
 
 
Figure 4.14: The growth of ZnO crystals by vapor phase method at different N2 flow rates while 
keeping other parameters the same. 
 
growth region and accumulated near the source ZnO pellets, which prevents the 
reaction balance to proceed towards the right direction. Little zinc vapor will be 
transported to the growth region, slower or even no crystal growth will happen. 
Contrarily, higher carrier flow rate will help the reaction balance to proceed towards 
right direction. More zinc vapors will be transported and faster crystal growth will be 
obtained. The proper flow rate for N2 is 500 – 900 sccm. 
  Influence of H2 gas flow: The role of H2 gas flow is mainly to reduce the source 
material. When the H2 flow rate is not so high (< 30 sccm), with the increase of H2 
flow rate, more zinc vapors will be produced and larger needle crystals will be 
obtained. However, too high H2 flow rate should be avoided since it will introduce 
safety issues because of the explosion limit of H2 gas at higher temperature [143, 144]; 
in addition, excessive H2 gas will reduce the as-grown ZnO crystals again, or will 
produce more water vapors with O2. 
Influence of O2 gas flow: When the furnace temperature is above 1200 oC, and the 
flow rates of N2, H2 are higher than 600 sccm, 15 sccm respectively, the higher the O2 
flow rate, the larger crystal we will get. When the N2 flow rates are relatively low (eg 
fN2 < 600 sccm), no needle crystals will be obtained if the O2 flow rate is too high or 
too low. In other words, a suitable ratio of flow rates between O2 and H2 should be 
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fixed and this ratio is typically 0.5 -1.3 in our vapor phase growth. When the ratio is 
too small, most of the O2 will be consumed by excessive H2, and there will be no 
crystals. When the ratio is too high, a portion of the excessive O2 can flow into the 
growth tube to consume more H2 gas and affect the reductive reaction of ZnO pellets. 
The optimized gas flow rates for N2, H2 and O2 for the single crystal growth are 
around 800 sccm, 8 sccm and 10 sccm repectively. 
 
4.4.4 Source material 
 
  The source material used is isostatically pressed ZnO powders, which were sintered 
at 800 oC to prevent too fast reductive reactions. How will the source material 
influence the crystal growth process? The answer is the zinc vapors production by 
reductive reactions. The reductive reactions are determined by the furnace 
temperature and gas flow rates. Since the weight loss of source ZnO pellets is 
proportional to the amount of produced zinc vapors, the weight loss of ZnO pellets 
was record to investigate the dependence on temperature and gas flow rates. 
   
   
 
Figure 4.15: The weight loss of source ZnO pellets vs. furnace temperature at following conditions 
(a) flow rates fN2 = 0.800 slm, fH2 = 12 sccm, fO2 = 12 sccm, growth duration t = 1 h and (b) flow 
rates fN2 = 1.250 slm, fH2 = 15 sccm, fO2 = 3 sccm, growth duration t = 1 h. 
 
Dependence on furnace temperature: The weight loss of the ZnO source pellets vs. 
furnace temperature was plotted in Figure 4.15, two substantially different conditions 
((a) flow rates fN2 = 0.800 slm, fH2 = 12 sccm, fO2 = 12 sccm, growth duration t = 1 h 
(a) (b) 
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and (b) flow rates fN2 = 1.250 slm, fH2 = 15 sccm, fO2 = 3 sccm, growth duration t = 1 h) 
give the same trend of the weight loss on temperature. Higher furnace temperature 
leads to larger weight loss of the ZnO source pellets. In other words, more zinc vapors 
could be produced and transported at higher furnace temperature. The different 
curvatures of the plotted curves are caused by the distinctive growth temperatures. 
When the flow rates ratio between H2 and O2 is close to 1:1, the reductive reaction of 
ZnO source pellets is most preferable in our vapor growth setup, and the weight loss 
of source pellets also increases faster with increasing temperature. 
 
  
 
Figure 4.16: The weight loss of source ZnO pellets vs. N2 flow rate at following conditions (a) 
furnace temperature T = 900 oC, flow rates fH2 = 6 sccm, fO2 = 6 sccm, growth duration t = 1 h and 
(b) furnace temperature T = 1400 oC, flow rates fH2 = 15 sccm, fO2 = 3 sccm, growth duration t = 1 
h. 
 
Dependence on N2 flow rate: The weight loss of source ZnO pellets vs. the flow 
rate of carrier gas (N2) at conditions (a) and (b) with distinctive parameters was 
plotted in Figure 4.16. Higher carrier gas flow rates result in larger weight loss of the 
ZnO pellets and more production of zinc vapors. This was already explained by the 
balance and direction of reductive reaction in section 4.4.3. Higher H2 flow rates and 
higher furnace temperatures in condition (b) are easier to achieve the saturation 
reduction of ZnO pellets, which results in the different shapes of the plotted curves in 
Figure 4.16(a) and Figure 4.16(b).  
Dependence on H2 flow rate: The weight loss of source ZnO pellets vs. the flow 
rate of H2 for different growth conditions (a) and (b) was plotted in Figure 4.17. The 
(a) (b) 
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main trend is that, the weight loss of source material is proportional to the H2 flow 
rate; because the H2 consumption is just proportional to the weight loss of ZnO source 
in the reductive reaction. However, when the H2 gas flow is much smaller than that of 
O2, the weight loss of ZnO source is almost zero, as shown in Figure 4.17(b). This is 
because the H2 gas with very small flow rates was consumed by large flow rates O2 
gas. 
      
 
Figure 4.17: The weight loss of source ZnO pellets vs. H2 flow rate at following conditions (a) 
furnace temperature T = 900 oC, flow rates fN2 = 0.800 slm, fO2 = 6 sccm, growth duration t = 1 h 
and (b) furnace temperature T = 1400 oC, flow rates fN2 = 1.200 slm, fO2 = 15 sccm, growth 
duration t = 1 h. 
 
    
 
Figure 4.18: The weight loss of source ZnO pellets vs. O2 flow rate at following conditions (a) 
furnace temperature T = 900 oC, flow rates fN2 = 0.650 slm, fH2 = 6 sccm, growth duration t = 1 h 
and (b) furnace temperature T = 1400 oC, flow rates fN2 = 1.200 slm, fH2 = 20 sccm, growth 
duration t = 1 h. 
 
Dependence on O2 flow rate: The weight loss of the ZnO source pellets vs. the flow 
rate of O2 at different conditions (a) and (b) was plotted in Figure 4.18. The reductive 
reaction is inversely proportional to the H2 flow rate. An important reason accounts 
(a) (b) 
(a) (b) 
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for it is that a portion of O2 flows into the reductive region. With the increase of O2 
flow rate, more H2 gas will be consumed by oxygen. In addition, the byproduct water 
vapor is also an obstacle of the reductive reaction of source materials. 
 
4.5 Discussion 
 
  The growth of ZnO single crystals was achieved by the vapor phase method 
without finely prepared seeds crystals, the elimination of seeds crystals greatly reduce 
the cost and the complexity of the crystal growth. Although there are no large-size 
single crystal seeds in our open-system vapor phase method, there are actually 
polycrystalline seeds on the inner surface of the ZnO cone and on the tip of the ZnO 
or Al2O3 tube. ZnO forms from the gaseous reaction between zinc vapor and O2, and 
nucleates on these polycrystalline seeds. Low density and larger size polycrystalline 
seeds, lead to lower density and the larger size the needle crystals. 
In the growth region, the supersaturated vapor is not at equilibrium. In order to 
relieve the supersaturation and move towards equilibrium, the vapor crystallizes. The 
crystallization of ZnO is actually a combination of two processes: nucleation and 
crystal growth. The vapor supersaturation is an important parameter in both processes.  
 
 
 
Figure 4.19: The influence of supersaturation on the nucleation rate, growth rate and crystal size 
[145]. 
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The influence of supersaturation on crystallization is illustrated in Figure 4.19 [145]: 
At lower supersaturation, the growth rate of crystals is higher than the nucleation rate 
of nucleus, which will result in a larger crystal size. However, at higher supersaturaion, 
the nucleation process overwhelmingly dominates the crystal growth, the size of the 
critical nucleus decreases and the number of the nucleus dramatically increases with 
increasing supersaturation [146], which ultimately results in smaller crystals. 
Therefore lower vapor saturation is suitable for the growth of ZnO single crystals 
from vapor phase. 
In the growth of ZnO single crystals from vapor phase, the molecule diffusion on 
the growing crystal surface is considered to be the rate-controlling step. Generally the 
growth rate increases and the nucleation rate decreases with increasing temperatures 
for a given vapor supersaturation, it is attributed to the faster rate of incorporation of 
the absorbed molecule layer onto the growing crystal surface, and the faster surface 
diffusion of molecules on growing crystal surface at higher temperature. 
At high vapor supersaturation, spontaneous nucleation happens; the growth usually 
results in high density of needle crystals, as shown in Figure 4.6 (d). One important 
reason is the spontaneous nucleation on high density of polycrystalline particle seeds. 
It will result in crowded growth space and prevent the further growth to larger size 
crystals. 
   
 
 
Figure 4.20: Dendritic growth by high supersaturation of zinc vapor 
 
Secondary nucleation results from the presence of growing crystals in the high 
Vapor phase growth of ZnO single crystals/thin films and attempts for p-type doping 
64 
supersaturated vapor. These parent crystals have a catalyzing effect on the secondary 
nucleation phenomena. One notable problem arising from the secondary nucleation is 
the dendritic growth. It is probably formed by dust breeding. The dendritic crystals or 
whisker crystals appear on the as-grown crystals as shown in Figure 4.20 and 4.6(c), 
The dendritic crystals restrain the size of needle-shaped crystals, introduce additional 
structures defects and decrease the crystalline quality. 
  To get an optimized vapor supersaturation for the growth of ZnO single crystals, 
the growth parameters were optimized. Especially the H2 flow rates and growth 
temperatures were selected in the range 5 ~ 10 sccm and 1300 ~ 1400 oC, respectively. 
How these parameters influence the crystal growth is focused in 3 points: the 
reductive reaction of source material, the nucleation of ZnO from the supersaturated 
vapor and the surface diffusion of ZnO atoms on the growing crystal. 
The volume fraction of H2 in the mixture of H2, O2 and N2 should be limited to 
avoid the risk of explosion at temperatures above 1000 oC. In addition, excessive H2 
will “kill” the growing ZnO single crystals. Residual H2 in the gas could introduce 
background donor concentration in the as-grown crystals.  
   
4.6 Conclusion 
 
  The seed-free and open-system vapor phase method is a simple and low cost 
approach to grow good quality ZnO single crystals. The as-grown crystals are 
generally needle-shaped in morphology; and the largest crystals obtained are typically 
c-axis oriented needles with maximum length of 40 mm and maximum diameter of 1 
mm. The needle-shaped crystals are n-type with main donors due to Al, Ga, and In 
impurities. The optimized gas flow rates of N2, H2 and O2 for larger diameter needle 
crystals are around 800 sccm, 8 sccm and 10 sccm respectively. And the optimized 
growth was carried out at the temperature between 1300 oC and 1400 oC in the Al2O3 
tube. 
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Chapter 5  
Vapor phase growth of ZnO thin films on Si substrates 
 
  This chapter will describe the growth of ZnO thin films on Si substrates by the 
vapor phase method. Three different configurations of source material, oxidizers and 
growth tubes will be applied and compared in this chapter. 
 
5.1 Introduction 
 
  To reduce the strains and dislocation density in epitaxial ZnO and related films, 
closely lattice-matched substrates are favored. In addition to ZnO substrates and GaN 
substrates, Sapphire, SiC, ScAlMgO4 substrates are most commonly used for the 
epitaxial deposition of ZnO thin films [6]. A typical feature of the above substrates is 
that most of them share the same hexagonal structure with ZnO. Substrates with 
different crystalline structures, such as cubic Si, are more difficult to grow on high 
quality epitaxial ZnO layers; Furthermore, amorphous SiOx layers will form between 
Si substrate and ZnO film. Both large-lattice-mismatch and amorphous layers 
deteriorate the quality of the deposited films. In spite of these difficulties, ZnO films 
on Si substrates are potentially needed in the integration of ZnO optoelectronics and 
traditional Si IC technology, such as transparent conductive oxide (TCO) contacts in 
silicon photovoltaics, or surface passivation layers on silicon devices [1, 147]. The 
following sections will be devoted to the vapor phase growth of ZnO thin film on Si 
subtrates.  
 
5.2 Growth principles and growth setup 
 
  The growth of ZnO thin films on Si substrates by vapor phase method was carried 
out in the same furnace setup shown in Figure 4.2 of chapter 4. However, different 
growth tubes were employed. The growth principles of ZnO films by vapor phase 
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method can be described by the illustration in Figure 5.1. Two concentric Al2O3 
ceramic tubes (Anderman industrial ceramics, 99.8wt.% Al2O3 + 0.1wt.% SiO2, the 
dimensions are shown in Table 5.1) were bonded to a metal connector by an ceramic 
adhesive (Sauereisen Zement Nr.2). Two gas inlets were drilled on the metal 
connector, one for the flowing of N2 and H2 is connected to the inner space of smaller 
tube, and the other for the flowing of O2 is connected to the space between two tubes. 
8 uniformly distributed holes (10 mm in diameter) were drilled near the end of the 
smaller tube for the flowing of O2 gas. 
 
 
 
Figure 5.1: Illustration of the open-system vapor transport process for ZnO thin films on Si 
substrates in horizontal concentric Al2O3 tubes with ZnO powders as source materials. 
 
  The temperature profile along the tube axis is similar to that in Figure 4.2 of 
chapter 4. The source materials are in the form of ZnO powders (Chempur, 99.9% in 
purity). 
 
Table 5.1: The dimensions of the Al2O3 growth tubes 
Items Inner diameter Outer diameter Length 
Smaller tube 38 mm 30 mm  500 mm 
Larger tube 58 mm 48 mm   560 mm 
 
A quartz boat filled with ZnO powders were placed in the smaller horizontal Al2O3 
tube at elevated temperature (T1 varing from 850 to 900 oC)，Zinc vapor was produced 
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by the reaction in equation (5.1) and transported to the growth region by the carrier  
 
1
2 2ZnO (s) + H Zn (g) + H O (g)
T

 ……………. (5.1) 
 
gas N2. The Si substrates at temperature T2 were placed at the end of the small tube 
(T2 was varied from 780 to 830 oC). Near the substrate surface, ZnO formed as 
described by equation (5.2), nucleated on the Si substrate, and finally grew to uniform 
epitaxial films. 
 
2
22Zn (g) + O 2ZnO (s)
T

 ……………. (5.2) 
 
Prior to the growth, the Si substrates ((100) and (111) planes were selected) were 
treated to remove the surface oxide layer: i) 5 min ultrasonic cleaning in 70 oC 
acetone, 3 min ultrasonic cleaning in de-ionized H2O, ii) 5 min ultrasonic cleaning in 
70 oC ethanol, 3 min ultrasonic cleaning in de-ionized H2O, iii) 60 seconds etching in 
10% HF solution, 3 min ultrasonic cleaning in de-ionized H2O, iv) drying the Si 
substrates by flowing N2 gas. 
  The typical flow rate for N2, H2 and O2 are 600 sccm, 10 sccm and 10sccm 
respectively. The growth duration is chosen to be 0.5 - 2 h. Besides the above 
configuration method (labeled as type I method), we used 2 modifications of the 
growth method to improve the quality of the ZnO films on Si substrates. 
  In order to reduce the influence of large lattice mismatch and the SiOx 
amorphous layer, ZnO seed layer were prepared on freshly etched Si substrates in 
following modified type II and type III methods. The seed layer was prepared by 
spin-coating 5 mM Zn(CH3COO)2 dissolved in ethanol and was subsequently 
annealed in O2 at 300 oC for 30 min. 
Type II method. The source material was changed from ZnO powders to Zn 
powders. The zinc vapor was generated by the thermal evaporation and transported by 
N2 gas, as shown in Figure 5.2. No H2 was involved in this process and lower 
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temperature was needed for the growth of ZnO thin films (T2 was varied from 600 oC 
to 670 oC). The typical flow rate for N2 and O2 are 600 sccm and 4 sccm respectively. 
The growth duration is typically 0.5 – 2 h. 
 
 
 
Figure 5.2: Illustration of the open-system vapor transport process for ZnO thin films on Si 
substrates in horizontal concentric Al2O3 tubes with Zn powders as source materials. 
 
Type III method. Zn powder was chosen for the source materials; Since H2O is a 
weaker oxidizer compared with O2, and weaker oxidizer was reported to be beneficial 
to the growth of homogeneous films [148], The oxidizer was replaced by H2O vapor, 
which was carried by the Ar gas flow through heated water.  
 
 
 
Figure 5.3: Illustration of the open-system vapor transport process for ZnO thin films on Si 
substrates in horizontal concentric Al2O3 tubes with H2O as the oxidizer and Zn powders as source 
materials. 
 
The vapor pressure of water [149] is dependent on the temperature and can be 
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approximated by equation (5.3). For example, when the de-ionized water was kept at  
 
2
1 5132exp(20.386 )
760 ( )H O
KP atm
T K
   ……………. (5.3) 
 
55 oC and the Ar flow rate is 50 sccm, the corresponding flow rate of water vapor will 
be about 7 sccm. The weaker oxidizer H2O vapor reacts with zinc vapors as shown in 
equation (5.4)  
 
2
2 2( ) ( ) ( )
TZn g H O g ZnO s H     ………. (5.4) 
 
(The temperature T2 at growth region was varied from 600 oC to 670 oC). The typical 
flow rate for N2, and Ar are 600 sccm, and 50 sccm respectively. The growth duration 
is chosen to be 0.5 – 2 h. 
 
5.3 Results 
 
For the type I vapor phase method, the SEM images of the as-grown ZnO thin films 
on (100) Si substrates are shown in Figure 5.4. The main feature of the surface  
 
  
 
Figure 5.4: Typical SEM image of ZnO thin films on Si substrates grown by the type I vapor 
phase method, the image (b) is an enlargement of the central area in the image (a). 
(b) (a) 
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morphology is homogeneous bread-shaped particles together with some isolated  
microcrystals lying on the film surface. XRD spectra in Figure 5.5 show that the ZnO  
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Figure 5.5: The XRD spectra of a ZnO thin film on (100) Si substrates grown by the type I vapor 
phase method. 
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Figure 5.6: The PL spectra of an ZnO thin film on Si substrates grown by the type I vapor phase 
method, the insert shows the spectra of wider range from UV to visible. 
 
thin films grown by the type I method have (100) preferential orientation. The PL 
spectra of the ZnO film samples are recorded in Figure 5.6, the emission intensity is 
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dominated by the Al related I6a line and its phonon replicas. Y0 stands for the 
transition of an exciton bound to structural defect. The peak at 3.318 eV is the 
transition of free electron to acceptor, and its origin was proved to be stacking faults 
by Cathodoluminescence (CL) and transmission electron microscope (TEM) [68].   
For the type II vapor phase method, homogeneous ZnO layers are obtained on 
both (100) and (111) Si substrates and the characteristic surface morphology is 
microrods as shown in the SEM images in Figure 5.7. The XRD spectra in Figure 5.8 
shows that the ZnO thin films on (100) and (111) Si substrates have always the (002) 
preferential orientation. 
  
 
Figure 5.7: Typical SEM image of ZnO thin films on Si substrates grown by the type II vapor 
phase method, the image (b) is an enlargement of the central area in the image (a) 
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Figure 5.8: The XRD spectra of ZnO thin films on a): (100) Si substrates and b): (111) Si 
substrates grown by the type II vapor phase method 
(a) (b) 
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The low temperature PL spectra of the ZnO thin films grown by the type II vapor 
phase method are depicted in Figure 5.9(a). The broad excitonic emission at 3.367 eV 
is probably caused by the surface exciton recombination (SX), ionized donor (D+X) or 
even the zinc interstitials [65, 107, 108, 150, 151]. The broad visible emission is 
centered at 1.9 eV (yellow color emission). DAP transition at 3.255 eV and its LO 
phonon replicas at lower energy position were observed. The nature of DAP transition 
was confirmed by the blue-shift of peak maximum position in the excitation power 
dependent PL spectra in Figure 5.9(b). 
  
  
 
Figure 5.9: (a) The PL spectra of ZnO thin film on Si substrates grown by the type II vapor phase 
method, the insert shows the spectra of wider range from UV to visible; (b) The excitation 
dependent PL spectra in the range between 3.138 eV and 3.308 eV of the same sample. 
 
   
 
Figure 5.10: Typical SEM image of ZnO thin films on Si substrates grown by the type III vapor 
phase method, (b) is the enlargement of image (a), and (c) is the image of the cross-section 
 
For the type III vapor phase method, continuous and uniform ZnO layers were 
(a) (b) (c) 
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achieved on both (100) and (111) Si substrates. The surface morphologies of the  
layers are closely packed microcrystals with multifaces as shown in Figure 5.10(a-b). 
The thickness was measured to be 8.5 μm in the SEM as shown in Figure 5.10(c). The 
thickness of the deposited films could be adjusted by changing the growth duration. 
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Figure 5.11: The XRD spectra of ZnO thin films on (111) Si substrates grown by the type III 
vapor phase method 
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Figure 5.12: The PL spectra of ZnO thin film on Si substrates grown by the type III vapor phase 
method, the insert shows the spectra of wider range from UV to visible. 
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The XRD spectra in Figure 5.11 shows that the ZnO thin films on (111) Si 
substrates has the (002) preferential orientation. The low temperature PL spectra are 
depicted in Figure 5.12, the free exciton FX, and bound exciton I6a were observed 
together with their LO phonon replicas. The intensity of Y0 (bound structure exciton) 
was particularly high, which allowed the observation of the well-resolved TES 
transition (at 3.2698 eV) and LO phonon replica (at 3.2606 eV) of Y0 line [103]. The 
broad visible bands centered in the yellow and green color region.  
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Figure 5.13: The temperature dependent PL spectra of the ZnO films grown by the type III vapor 
phase method at the bound excitonic range, the insert plots the integrated intensity of the 3.367 eV 
peak vs. 1000/T, where T is the measurement temperature in Kelvin. 
 
The broad peak at 3.367 eV is probably caused by the surface exciton (SX) 
recombination. The SX usually appears in nanostructure materials and dependents on 
the surface-to-volume ratio [107, 108]. The temperature dependent behavior of the 
peak at 3.367 eV is shown in Figure 5.13.  
 
5.4 DAP transitions in the as-grown films 
 
  The DAP transitions appeared in the ZnO thin films grown by the type II vapor 
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phase method without intentional doping. The nature of the DAP transition at 3.245 
eV and its LO phonon replicas at lower energy positions was confirmed by the 
excitation power dependent PL spectra as shown in Figure 5.14. The excitation power 
changed from 0.12 mW to 48 mW, the corresponding DAP peak maximum shifted 
towards higher energy by about 11 meV. The position of DAP recombination 
(zero-phonon) is determined by equation (5.5): 
2
0
( )
4DAP g D A DA
eE E E
R


      …………. (5.5) 
 
Where the RDA in the Coulomb energy term is the effective distance of many discrete, 
well-defined distances between donors and acceptors. As discussed in Section 2.3.4, 
the largest RDA and the lowest excitation power intensity will result in the smallest 
Coulomb attraction, and the energy position of corresponding DAP line is at the left 
edge (3.200 eV) of the broad peak, marked by a green cross in Figure 5.14. As a result, 
the addition of donor and acceptor ionization energy (ED + EA) is slightly smaller than 
230 meV, assuming that the bandgap Eg = 3.437 eV at 4.2 K [11]. The free-to-bound 
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Figure 5.14: The excitation power dependent PL spectra of the as-grown ZnO thin films grown by 
the type II vapor phase method. 
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Figure 5.15: The temperature dependent PL spectra of the as-grown ZnO thin films grown by the 
type II vapor phase method. 
 
0 50 100 150 200 250
 the intensity of DAP peak
 the intensity of (e, A0) peak
1000/T (K-1)
In
te
gr
at
ed
 in
te
ns
ity
 (a
rb
.u
ni
ts
)
 
 
Figure 5.16: The integrated intensities of the DAP broad peak and the peak at 3.314 eV. vs. 
1000/T, where T is the measurement temperature in Kelvin. 
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transition (e, A0) at 3.314 eV was suggested to account for the source of acceptor, 
which was originated from stacking faults [68]. To further investigate the DAP 
transition at 3.245 eV, the temperature dependent PL was measured from 4.2 K to 130 
K, as shown in Figure 5.15. Correspondingly the integrated intensity of the DAP 
broad peak and the peak at 3.314 eV were plotted vs. 1000/T in Figure 5.16. 
At higher temperatures, two curves have quite similar curvature, indicating the 
similar thermal dissociation energy. The acceptors in ZnO generally have larger 
binding energies than donors; the fitted thermal activation energy at higher 
temperatures should be related to acceptor species. That means that the acceptor in the 
DAP and the acceptor in (e, A0) share the same thermal dissociation energy. In other 
words, the stacking faults related acceptor can account for the source of the observed 
DAP transition.  
 
5.5 Discussion 
 
In the type I vapor phase method, there are always some microcrystals on the 
surface of the uniform film because of the supersaturation of zinc vapor and relatively 
high growth temperatures. Immediately after the mixing of zinc vapor and O2 gas, 
ZnO formed and nucleates on the substrate surface. 2D nucleation is the main 
mechanism and therefore uniform particle film forms on the silicon substrate. In the 
later period of the growth process, however, nucleation will still happen on the surface 
of the growing film due to the supersaturation of zinc vapor near the film surface, and 
they will grow to single crystals in micrometer scale (This is just the undesirable 3D 
nucleation.) due to the high growth temperature around 900 oC.  
To ensure the reduction of ZnO source powders by incoming H2 gas, the furnace 
temperature at around 900 oC cannot be greatly reduced. Furthermore, high furnace 
temperature leads to the formation of amorphous oxidized layer on the surface of Si 
substrates, which will reduce the quality of deposited film. In addition, high growth 
temperature is more inclined to induce thermal stress between the Si substrate and 
deposited film because of the large difference of thermal conductivity between silicon 
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and ZnO [6]. 
As a result, it’s necessary to replace the source materials of ZnO powders by Zn 
powders, which can greatly reduce the growth temperature from 900 oC to around 670 
oC, because lower temperatures are needed for the production of zinc vapor form 
metal Zn. That’s the reason for shifting to the type II and III growth method. However, 
lower growth temperature could also lower down the crystallinity of as-grown films, 
that is probably the reason for the strong emission peaks originated from structural 
defects in the films by type III method. 
  Hydrogen is involved into the growth process in the form of H2 gas or water vapor 
in the type I and III method, and there is no involvement of hydrogen in the type II 
method.  The DAP transition appears only in the films grown by type II growth 
method is probably due to the lack of hydrogen compensation and hydrogen 
passivation of acceptors. 
 
5.6 Conclusion 
 
  ZnO thin films were successfully deposited on Si substrates by open-system vapor 
phase method. Three different types of growth are employed: I) ZnO powders act as 
source material, Zn vapor is produced by the reductive reaction between H2 gas and 
ZnO powders, O2 gas acts as oxidizer; II) Zn powders act as source material, Zn vapor 
is produced by the thermal evaporation by metal Zn, O2 gas acts as oxidizer; and III) 
Zn powders act as source material, Zn vapor is produced by the thermal evaporation 
by metal Zn, H2O gas acts as weaker oxidizer. The type II and III methods with lower 
growth temperatures are easier to deposite homogenous ZnO films on Si substrate. 
The DAP transition at 3.245 eV and its phonon replicas are observed in the films 
grown by the hydrogen-free type II vapor phase method. 
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Chapter 6  
Two unidentified PL emissions in vapor phase grown ZnO single 
crystals 
 
  Two unidentified PL emissions at 3.3643 eV and 3.3462 eV were observed in the 
vapor phase grown ZnO single crystals and hydrogenated crystals. The spectroscopic 
properties of these two emissions were studied and the possible origins are discussed 
in this chapter 
 
6.1 Introduction 
 
The low temperature photoluminescence (PL) from ZnO crystals has been 
extensively studied. More than ten different excitonic features are reported in the 
near-band-edge emissions. Part of these features have been unambiguously identified, 
such as I4 (H), I6, I6a (Al), I8 (Ga) and I9 (In), but there are still some controversies 
over the assignments of several transitions. In addition to the commonly known 
transition labeled as I0 - 11I, two rarely reported [73, 103, 152] and unidentified 
emissions at 3.3643 eV and 3.3462 eV were observed in the vapor phase grown ZnO 
single crystals, the details of these two transitions will be shown in the following 
sections. 
 
6.2 Details of the peak at 3.3643 eV 
 
  The investigated samples were ZnO single crystals grown by our vapor phase 
method using only Al2O3 tube, the growth is kept at 1300 oC for 20 h, and the gas 
flow rates of H2, O2 and N2 are 8, 10, and 800 sccm respectively. In addition to the 
commonly observed I6, I8, I9 transitions and their TES lines, a sharp PL emission at 
3.3643 eV (labeled as P1) is shown in Fig 6.1. P1 is attributed to the recombination of 
an exciton bound to a shallow donor, due to the appearance of its TES lines [61]. Its 
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localization energy is 11.7 meV, the TES separation (2Pz-1S) is 29.4 meV, and the 
donor binding energy is 42.2 meV according to the Haynes rule [11, 153]. As 
discussed in Section 2.3.3, the splitting of the excited states of the donor into 2S and 
2P states are usually observed. However, the 2S and 2P states in polar hexagonal 
semiconductors are additionally split into 2S, 2Pxy and 2Pz (where the hexagonal axis 
c is directed along z), because of the effects of anisotropy and the polar interaction 
with optical phonons [11, 51]. The three TES lines (2S, 2Pxy and 2Pz) of the P1, as 
shown in Figure 6.2, were confirmed by comparing the spectra of several samples.  
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Figure 6.1: The PL spectra of an as-grown ZnO single crystal grown by vapor phase method, the 
spectra of the TES region was multiplied by a factor of 30 for better clarity. 
 
B. K. Meyer et al. [11, 51] has proposed a linear relationship between the TES 
splitting values and the corresponding donor binding energy, by fitting the known 
shallow donors (I4, I6, I9 and I10). The splitting values of 2Pz - 2S, 2Pxy – 2S, 2Pxy – 
2Pz vs. the donor binding energy are shown in Figure 6.2, the P1 line and four others 
shallow donors are depicted in the figure according to their donor binding energies. 
Therefore, the TES splitting values of the P1 line can be calculated from the fitted 
lines of B. K. Meyer, and are compared with our measured values in Table 6.1. The 
differences between calculated values and our measured values are due to the effects 
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of anisotropy in ZnO and the polar interaction with optical phonons, and the errors of 
the donor binding energy. 
 
 
 
Figure 6.2: The linear relationship between the TES splitting and the corresponding donor binding 
energy [11], The P1 line and four other shallow donors (I4, I6, I9 and I10) are depicted according to 
their donor binding energies.  
 
Table 6.1: The TES splitting of the P1 line at 3.3643 eV 
 
Item Estimated from Haynes’ rule [11] Our measured results 
2Pxy – 2S -1.7 meV     -2.1 meV  
2Pz – 2S -2.2 meV  -3.3 meV  
2Pxy – 2Pz +0.5 meV  +1.2 meV  
 
The temperature dependent behavior of the P1 line, as shown in Figure 6.3, is 
similar with that of I6 and I8. The intensity of P1 emission is quenched when’q the 
temperature is above 40 K. 
The defects accounting for the P1 line are bulk defects, because the P1 line can still 
be detected after the samples are etched in Orthophosphoric acid for 5 min. The 
defects are still stable in ZnO at 900 oC, as the P1 line is still observable, as shown in 
Figure 6.4, when the samples are annealed in Ar atmosphere above 900 oC. 
(H) 
(AL) 
(In) 
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Figure 6.3: The temperature dependent PL spectra of the vapor phase grown ZnO crystals, and the 
insert shows the intensity of P1 line vs. the measurement temperature. 
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Figure 6.4: The PL spectra of ZnO crystal sample after annealing in Ar atmosphere at different 
temperature up to 900 oC. 
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6.3 Details of the peak at 3.3462 eV 
 
  The hydrogenation of the ZnO crystal was carried out by thermal annealing at 700 
oC for 1 h in a silica ampoule filled with 0.5 atm hydrogen gas before sealing. The 
hydrogenation of the ZnO crystal leads to the appearance of the P2 line at 3.3462 eV 
and a reduction of the P1 line, as shown in Figure 6.5. In the hydrogenated sample, the 
Cu-related characteristic green band is also greatly depressed due to the passivation of 
the Cu deep acceptor by hydrogen [154]. 
Hydrogen in ZnO introduces two shallow donor levels: the one at 3.3628 eV, 
labeled as I4, originates from substitutional hydrogen trapped within the oxygen 
vacancy; and the other at 3.3601 eV, labeled as HBC, is due to interstitial hydrogen 
located at the bond-centered lattice site [86, 87]. The HBC peak and its TES are 
observed after the hydrogenation. 
 
 
 
Figure 6.5: PL spectra of the hydrogenated (red curve) and as-grown (blue curve) ZnO crystal 
samples in the range of (a) 3.38~ 3.35 eV and (b) 3.35~ 3.30 eV. 
 
The localization energy of P2 transition is 29.8 meV [11]，no TES transition is 
observed for P2 line. Only if P1 line appears in the virgin ZnO crystal sample, P2 line 
could be detected in the PL spectra in the sample after hydrogenation. 
 
6.4 Isochronal annealing after hydrogenation 
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Figure 6.6: The PL spectra of the hydrogenated ZnO crystal sample after annealing at different 
temperatures from 75 oC to 195 oC (a) at the bound exciton range and (b) at the TES region. 
 
The isochronal annealing series were carried out on the hydrogenated ZnO samples 
in ambient atmosphere for 30 min at different temperatures from 75 oC to 195 oC. The 
low temperature PL spectra of treated samples are shown in Figure 6.6. The spectra 
are normalized to the intensity of the Y0 line. It is found that the Y0 line has constant 
emission intensity when the sample is annealed below 200 oC. With the increase of 
annealing temperature, the P2 line gradually weakens and disappears at around 200 oC. 
Conversely, the P1 line reappears at around 120 oC and enhances with increasing 
temperature.  
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Figure 6.7: The normalized intensity of the P2 line and the TES of HBC line at different annealing 
temperatures 
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If we compare the intensity of the P2 line and the intensity of the TES-HBC in 
Figure 6.6(b), they show almost similar temperature dependence, as depicted in 
Figure 6.7. 
 
6.5 Possible microscopic origins of the peak at 3.3643 eV and 3.3462 eV 
 
  There are very few reports about emission peaks in ZnO with similar energy 
positions of P1 and P2 line. The same transition could show small shift (several meV) 
of energy position in different samples because of the strain [155, 156]. 
  Sann et al. [150] reported a 3.366 eV emission in ZnO powders and assigned it to 
interstitial Zn (Zni). However, the interstitial Zn has a quite low migration barrier 
(0.55 eV) [42, 151], and it’s not stable at room temperature. Therefore, it cannot 
account for the reappearance of the P1 line at 3.3643 eV after annealing above 120 oC. 
Brandt et al. [152] observed a transition at 3.3465 eV (labeled as I12) in ZnO thin 
films grown on a MgO or on a heavily aluminum-doped ZnO buffer layer with a 
distorted lattice. The recombination was determined to be an exciton bound to a 
neutral donor. Wagner et al. [103] found an emission at 3.3465 eV (labeled as Y2) in 
Cermet melt grown ZnO wafer and assigned it to an excitonic recombination at 
extended structural defects with a distorted lattice structures. However, the structural 
defects model of the P2 line cannot well explain the phenomena that, P2 will be 
observed after hydrogenation, only if P1 appears in the virgin sample. 
Mendelsberg et al. [62, 73] observed two emissions at 3.365 eV and 3.348 eV and 
their TES transitions in Pb-implanted ZnO crystal, interstitial Pb and substitutional Pb 
on Zn site were proposed as origin of the two transitions. However, when considering 
the relatively large size, substitutional Pb impurities would not be able to move during 
the annealing below 200 oC, which cannot explain the PL intensities’ reduction of P2 
line during the isochronal annealing process,  
The microscopic nature of the P1 line at 3.3643 eV and P2 line at 3.3462 eV 
remains unclear. Tentatively, interstitial Pb may account for the P1 line, because Pb is 
a trace impurity in the ZnO source material, and the interstitial Pb has smaller 
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formation energy than substitutional Pb in ZnO. Since the P2 line and the HBC line 
show a similar annealing temperature dependent behavior, a lead-hydrogen complex 
maybe the origin of the P2 line. Hydrogenation makes the transformation of part 
interstitial Pb into Lead-hydrogen complex, and subsequent annealing makes the 
dissociation of Lead-hydrogen complex into interstitial Pb. Thermal diffusion of Pb 
into hydrothermally grown ZnO crystals does not result in the appearance of the P1 
line, however, our thermal diffusion of Pb at higher temperatures were not successful. 
 
6.6 Conclusion 
 
  Two PL emission lines (P1 at 3.3643 eV and P2 at 3.3462 eV) are observed in our 
vapor phase grown ZnO single crystals. P1 is attributed to the recombination of an 
exciton bound to a shallow donor with binding energy of 42.2 meV. Hydrogenation of 
the as-grown ZnO single crystal leads to the appearance of the P2 line and a great 
reduction of P1 line. Subsequent isochronal annealing in the ambient atmosphere leads 
to gradual reduction of P2 and the reappearance of P1. Hydrogen is supposed to be 
involved in the defect which is responsible for the P2 line.  
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  In this chapter, the causes, progress
doping problem in ZnO 
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7.1 Status of p-type doping in ZnO
 
  The difficulty in achieving conductivity of both n
obstacle for ZnO and other wide bandgap semiconductors such as GaN, ZnS, ZnSe 
and ZnTe [6]. Wurtzite ZnO is 
unintentionally incorporated and always
Al, In and Ga) [11]. Free electron concentration beyond 10
ZnO [6]. However, even after half 
challenging topic in the field of ZnO research and applications. 
 
 
Figure 7.1: The alignment of the valence band maximum (VBM) and the conduction band 
minimum (CBM) of various semiconductors including ZnO,
universal level of hydrogen at the absolute energy scale
 
The band alignment of ZnO and other semiconductors are shown in Figure 7.1, 
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obviously, the valence band maximum (VBM) of ZnO is low (about -8 eV) at the 
absolute energy scale [157]. The electron workfunctions of most elements lie in the 
range of 2 eV ~ 6 eV [158]. These two factors mean that, the electronic transition 
levels of most elements will be far from the VBM of ZnO, which determines the 
difficulty in achieving shallow acceptor levels in the band gap of ZnO [13].  
In the last decade, the acceptor dopants were proposed from the group I (including 
IB) and group V elements. The group I elements (such as Li, Na) and group IB 
elements (such as Ag) substituting on Zn sites, or the group V elements (such as N, P, 
As, Sb) substituting on O sites are supposed to act as shallow acceptors. Especially N 
[159] and Li [160] are the most frequently adopted dopants because of the similar 
ionic radii to their substituting atom. Several “observed” p-type doped ZnO are 
reported and summarized in Table 7.1 
 
Table 7.1: Summary of successful attempts to grow p-type doped ZnO [161] 
Dopant technique NA(cm-3) type μ(cm2/Vs) P(Ohm cm) Reference 
N CVD 1.06×1018 p 0.34 17.3 [162] 
P Diffusion - p - - [163] 
P Sputtering 1.9×1016~3.8×1019 p 6.9~40.1 0.02~8.1 [164] 
As PLD 1018~1021 p 0.1~50 10-5~10 [165] 
As Sputtering 9×1019 p 4 - [166] 
As PLD 2.4×1017~1.1×1018 p - 2.2~6.7 [167] 
As CVD 1.45×1018 p 1.92 2.3 [168] 
As PLD 4×1019 p 2 0.05 [169] 
Sb MBE 1×1016 p 10 6 [170] 
Sb PLD 1.9×1017 p 7.7 4.2 [171] 
Li PLD 6.04×1017 p 1.75 5.9 [172] 
N+Al Sputtering 2.52×1017 p 0.43 57.3 [173] 
N+Al Sputtering 1.45×1018 p 1.62 2.64 [174] 
N PLD - p 8 - [175] 
Ag PLD 4.9×1016~6.0×1017 p 0.29~2.32 34~54 [176] 
Na CVD 1020 p 2.1 - [95] 
 
  Group I elements: Li [93, 177] introduces both donor and acceptor to ZnO. 
Interstitial Lii is a deep donor at EV + 2.0 eV and substitutional LiZn is a deep acceptor 
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at EV + 0.2 eV [92]. The preferable form of Li defect is strongly dependent on the 
growth condition and Fermi level. LiZn is less stable than Lii in the natural n-type ZnO. 
Interstitial Lii and substitutional LiZn can compensate each other, which leads to the 
semi-insulating conductivity of hydrothermal ZnO crystals, although high 
concentration of Li up to 1017cm-3 is reported. In addition, LiZn can be easily 
passivated by forming highly stable LiZn–H complexes [92].  
Na shows a similar behavior as Li [92]: Interstitial Nai is a deep donor at EV + 1.9 
eV, and substitutional NaZn is a deep acceptor at EV + 0.3 eV. Liu et al. [95] report on 
Na-doped p-type ZnO microwires using chemical vapor deposition (CVD). The 
p-type ZnO microwires were grown by a vapor-liquid-solid process from a mixture of 
zinc powder, graphite powder, and NaCl. However the reproducibility of the samples 
is doubted without further reports. 
  Group V elements: Nitrogen is the most reported acceptor doping because of the 
abundance of nitrogen chemicals in gaseous state. After years’ of investigations, 
substitutional nitrogen on oxygen sites (NO) is found to be a deep acceptor and hence 
cannot lead to hole conductivity in ZnO [98, 178]. Lyons et al. performed a 
 
 
 
Figure 7.2: (a) Formation energy as a function of Fermi level EF for NO in ZnO under Zn-rich 
conditions. EF is referenced to the VBM, and the position of the (0/−) acceptor level is indicated. 
(b) Configuration coordinate diagram indicating optical absorption and emission energies for 
exchanging an electron with the conduction band [98]. 
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first-principles calculation on N in ZnO using hybrid functions [98]. The formation 
energy as a function of Fermi level EF for NO in ZnO under Zn-rich conditions is 
shown in Figure 7.2(a) and the Fermi level EF is referenced to the VBM. From the 
calculation NO can be stable in either the neutral or -1 charge states, with the acceptor 
level (0/-1) occurring at 1.3 eV above the VBM. NO is therefore a deep acceptor in 
ZnO. The formation energy of substitutional NO is quite small; since the as-grown 
ZnO samples are usually n-type and the Fermi level is close to the CBM.  
  In order to investigate the optical transitions, the configuration coordinate diagram 
of NO was mapped in 7.2(b). Taking into account that the photons will be absorbed or 
emitted in vertical transitions (no change in atomic positions, because there is no 
enough time for fully lattice relaxation), the Frank-Condon shift between the 
absorption and emission lines is 0.7 eV, and the optical absorption and emission 
energies for exchanging an electron with the conduction band are 2.4 eV and 1.7 eV 
respectively. This was experimentally checked by photoluminescence [12, 179]. 
  The solubility of nitrogen in ZnO is usually 1016~1018 cm-3, which is too low to 
achieve hole concentration above 1019 cm-3. Elevating the growth temperature is one 
way to enhance the solubility. However, N2 molecule will form at elevated 
temperatures. Theoretical calculations point out that, N2 molecule leads to localized 
states in the band gap either by forming an N2O molecule or by breaking a Zn-O bond 
[180]. Nitrogen molecule will form from two interstitial nitrogen atoms, and 
interstitial oxygen facilitates the formation of N2 by kicking out NO to the interstitial 
sites [181]. The formation of nitrogen molecule in ZnO will cause low doping 
efficiency and degeneration of the p-type conductivity. 
  Substitutional nitrogen on oxygen site NO can be easily passivated by forming 
NO-H complex which is thermally stable up to 700 oC [91, 182]. However, high 
temperature dehydrogenation is possible to dissociate the NO-H complex and realize 
nitrogen-doped p-type ZnO [183]. 
  Other elements of group V (P, As, Sb) substituting on O sites are also deep 
acceptors because of the larger ionic radii and resulted larger lattice distortion [13]. 
  LiZn and NO candidates are deep acceptors in ZnO and do not contribute to the hole 
conductivity. Several complexes including
acceptor level in the bandgap 
[15, 184]. 
  In experimental characterization, i
determination of the conductivity type via Hall 
boundaries, surface conduction
of 2D electron gas at the film/
conduction channels [13]
domains inside the sample, such
reported by Szyszka et al. 
  To overcome above-mentioned
codoping, pulse annealing, and 
  Codoping: codoping is an
together with a donor impurity
 
Figure 7.3: Schematic dependence of the formation energy of charged defects on the Fermi energy 
position [186]. 
 
the VBM towards the middle 
acceptor formation energy and 
Figure 7.3 [186]. The donor impurity can be removed by 
annealing [183, 187]. 
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Enhancement of the chemical potential of dopants: The doping efficiency of 
dopants can be enhanced by increasing the chemical activity of dopants. For example, 
NO, NO2 and N2O compounds have a higher N chemical activity than N2 gas 
[188-191]. When the N2 molecules are excited by plasma, the N chemical potential 
could be increased by as much as 1.5 eV [192]. Higher chemical potential is favored 
to lower formation energy and higher concentration of acceptor defects [77]. 
  Non-equilibrium process: The incorporation of foreign impurities could be 
controlled by kinetics [193]. Therefore, non-equilibrium process, such as pulse 
annealing [194], is expected to get higher concentration of acceptor dopants. 
  Cluster doping: First-principles calculations on p-type doping of ZnO reveal that 
successful doping depends on a stable local chemical bonding [195]. A cluster-doping 
approach, in which a locally stable chemical environment is realized by involving few 
defects species and defects complexes, is expected to create shallow acceptor levels 
[196, 197]. 
  Strain tuning: The preference of substitutional and interstitial incorporation can be 
tuned through external strain, either hydrostatic or piezoelectric. Doping induces a 
volume change around the dopant. When an external strain is applied in the same 
direction as the volume change, the solubility will be enhanced. Take Li for example, 
the acceptor defects LiZn in ZnO can be enhanced against the donor defects Lii under a 
external strain in a suitable direction [198]. 
 
7.2 Own attempts for p-type doping by nitrogen 
 
7.2.1 Nitrogen doping from DC plasma 
   
The diffusion of nitrogen into ZnO was carried under the irradiation of N2 DC 
plasma. The samples are vapor phase grown ZnO single crystals doped with lithium. 
The virgin ZnO crystal is subjected to 2 steps of treatments before N diffusion: i) 
annealing in flowing Ar at 600 oC for 2 h to remove the background hydrogen as 
much as possible and to lower down the Fermi level towards valence band; ii) 
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annealing in a sealed ampoule filled with 0.5 bar Ar at 600 oC for 2 h to create oxygen 
vacancies near the surface region (~1 um in thickness). Mixture of N2 and O2 gas with 
volume ration 1:2 instead of single N2 gas was used as N source, because certain 
fractions (67 vol.%) of O2 could enhance the radical N+ in the plasma [199, 200]. The 
ZnO sample is kept at 300 oC in the N plasma for 30 min as described in the section 
3.3 of the chapter 3. The sample temperature is chosen to be 300 oC for two reasons: i) 
the temperature should be a little bit higher to enhance the diffusion of nitrogen; ii)  
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Figure 7.4: The PL spectra of the ZnO crystal sample (a) virgin sample and (b) sample after the N2 
DC plasma treatment at 300 oC，the insert shows wider range of spectra of both samples. 
 
but a lower temperature should be chosen to avoid the formation of N2 molecules. The 
low temperature PL spectra of the ZnO sample before and after the N plasma 
treatment are shown in Figure 7.4. Both spectra are dominated by I2 (ionized In 
donor), I6 (Al), I8 (Ga), I9 (In), I10, and their TES and LO phonon replicas. Actually 
the two spectra show almost the same features, except the peak at 3.294 eV. It is not 
related to nitrogen because the peak at 3.294 eV disappears after the N plasma 
treatment. D. C. Look et al. [201] has assigned the peak at 3.317 eV to the emission of 
an acceptor-bound exciton (A0X), which is associated with the substitutional nitrogen. 
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However, the peak at 3.317 eV and its LO phonon replicas at 3.245 eV and 3.172 eV 
in our samples seems to be not related to nitrogen, because these peaks frequently 
appear in our vapor phase grown ZnO crystals without any nitrogen treatments. They 
are more likely to be the TES of I8(Ga) and corresponding LO phonon replicas. There 
is no appearance of peaks at 3.311 eV and 3.346 eV related to the shallow acceptor 
defect of LiZn-NO [14]. 
 
7.2.2 Nitrogen doping from RF plasma 
   
  Since RF plasma has higher power intensity than general DC plasma, it’s possible 
to diffuse higher concentration of nitrogen into ZnO crystals. The samples are 
commercial hydrothermal ZnO single crystals (Mateck GmbH) cut from one 10 × 10 
mm wafer. The virgin ZnO crystals are subjected to 2 steps of treatments before N 
diffusion: i) annealing in flowing Ar at 600 oC for 2 h to remove the background 
hydrogen as much as possible and to lower down the Fermi level towards valence 
band; ii) annealing in a sealed ampoule filled with 0.5 bar Ar at 600 oC for 2 h to 
create oxygen vacancies near the surface region (~1 μm in thickness). N2 RF plasma 
and N2O RF plasma were employed for the nitrogen diffusion as described in the 
section 3.3 of the chapter 3. The N2 RF plasma was produced with a RF power 
intensity of 80 mW/cm2. The chamber pressure was kept at 0.2 mbar. The ZnO sample 
was heated at 150 oC for 30 min and kept at a distance of 60 cm to the plasma source. 
The N2O RF plasma was produced with a RF power intensity of 32 mW/cm2. The 
chamber pressure was kept at 0.2 mbar. The ZnO sample was heated at 200 oC for 30 
min and kept at a distance of 30 cm to the plasma source. No obvious changes before 
and after the N diffusion were observed in the PL spectra excited by 325 nm He-Cd 
laser. 
Below band gap excitation photoluminescence by 514.5 nm (2.4098 eV) Ar laser 
was recorded to check the deep acceptor emission of substitutional NO. The emission 
peak is located at 730 nm (1.7 eV) according the NO model proposed by Lyons et al. 
[98]. 
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Figure 7.5: The below band gap excitation PL spectra of the ZnO crystal sample (a) virgin, (b) 
after the N2 RF plasma treatment at 150 oC, (c) after the N2O RF plasma treatment at 200 oC. 
 
However, no emission peaks at 730 nm were observed in the below band gap 
excitation PL spectra, except the common green band at 550 nm and yellow band at 
630 nm, as shown in Figure 7.5. The absence of peak at 730 nm is attributed to low 
efficiency of nitrogen introduction [13] and the formation of N2 molecules [180, 181]. 
 
7.3 Our attempts for p-type doping by antimony 
 
  Although the substitutional defect SbO is a deep acceptor because of the large radii 
of antimony atom, the defect complex SbZn-2VZn was proposed by calculations to 
introduce a shallow acceptor level in the band gap [15].  
  The antimony doping was conducted by the type II vapor phase growth of ZnO 
films on Si substrate as described in chapter 5. The Sb metal powders (Chempur 
GmbH, 99.9999%) were mixed into the source material (Zn powders), and three 
different molar ratios (5, 15 and 30) between Zn and Sb were selected. The films were 
deposited onto (100) Si substrate at 650 oC for 2 h. The SEM images are shown in 
Figure 7.6. The ZnO films are composed of microrods, which have a diameter of 
about 200~300 nm. At larger Sb concentrations, these microrods have smooth  
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Figure 7.6: The SEM images of Sb doped ZnO films by the type II vapor phase method with 
different molar ratio between Zn and Sb: (a) 5, (b) 15, and (c) 30. 
 
surfaces; and at smaller Sb concentrations, these microrods are covered by much 
smaller crystals. 
The PL spectra of Sb-doped ZnO films grown from different Zn:Sb ratios are 
depicted in Figure 7.7, the spectra of three samples share the same features in the  
 
 
 
Figure 7.7: The PL spectra of Sb doped ZnO films by the type II vapor phase method with 
different molar ratio between Zn and Sb: (a) 5, (b) 15, and (c) 30. 
 
bound excitonic range and the visible emission. However, the sample grown from 
medium Zn:Sb ratio shows different features from the others, where uniformly-spaced 
peaks appear with energy separation of 110 meV. The strong coupling could be the 
whispering gallery modes in ZnO microrods, which are microsized resonators with 
hexagonal cross section [202, 203]. It seems that these uniform-spacing peaks are not 
related to antimony. 
The absence of PL peaks of the expected shallow acceptors (LiZn-NO and SbZn-2VZn) 
needs further investigations. Reasons could be the low efficiency of introducing 
desired defects; or the compensation by background donors, such as Al, In, and Ga. 
(a) (c) (b) 
Chapter 7 Attempts for p-type doping in ZnO 
97 
Since the hole effective mass is 2~3 times larger than the electron effective mass in 
ZnO [18], the acceptor ionization energy will be also 2~3 time larger than the donor 
ionization energy for shallow impurities, according to the effective mass 
approximation [59]. The shallow donor ionization energies are typically 46~72 meV 
[11], therefore the acceptor will be above 150 meV, which is too deep to provide free 
holes. This estimation is quite rough, but it gives one reason of the difficulty of p-type 
doping in ZnO. 
The difficulties can also be explained in terms of the amphoteric defect model 
(ADM) by Walukiewicz et al. [204]. It is shown that the maximum free electron or 
hole concentration that can be achieved by doping is an intrinsic property of a given 
semiconductor and is fully determined by the location of the band edges with respect 
to a common energy reference, the Fermi level stabilization energy. It has been found 
that for sufficiently high damage density (gamma rays or electrons), the Fermi energy 
stabilizes at a certain energy and become insensitive to further damage. The location 
of this Fermi level stabilization energy EFS does not depend on the type or doping 
level of the original material and therefore is considered to be an intrinsic property of 
a give material. For II-VI semiconductors, the Fermi level stabilization energy EFS is 
located at about 4.9 eV below the vacuum level. The conduction band edge of ZnO is 
located very close to EFS at EFS + 0.2 eV, while the valence band edges of ZnO lies at 
the very low energy of EFS – 3.1 eV. Such an alignment strongly favors n-type 
conductivity and leads to tremendous difficulties for p-type doping of ZnO.  
 
7.4 Conclusion 
 
  The long-standing challenge of p-type doping in ZnO is mainly attributed to the 
spontaneous formation of compensating defects and the lack of appropriate acceptors 
with small ionization energy. The present status and proposed strategies of the p-type 
doping were reviewed and discussed. Two attempts for the p-type doping of ZnO 
were carried out by diffusing plasma-activated nitrogen into ZnO crystals after the 
growth and by doping antimony to ZnO films during the growth, although no 
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conclusive hole conductivity was detected in the doped samples. 
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Chapter 8  
Outlook 
 
  In the present thesis, needle-shaped ZnO single crystals and homogenous ZnO 
films on Si substrates were successfully grown by employing a low cost and 
open-system vapor phase technique. Two unidentified PL emissions at 3.364 eV and 
3.346 eV from the as-grown needle crystals were studied. The origins and status of 
long standing problem with p-type doping were explicitly analyzed, two attempts for 
the p-type doing were performed by post-growth diffusing plasma-activated nitrogen 
into ZnO needle crystals and by in-situ doping of antimony during the growth of ZnO 
films. Throughout the thesis, there are several aspects which deserve further 
investigations: 
The control of nucleation, especially the prevention of spontaneous nucleation, in 
the vapor phase process is important for the growth of ZnO single crystals and ZnO 
thin films. Spontaneous nucleation introduced several problems: high densities of 
needle crystal clusters, dendritic crystals in the single crystal growth, and the surface 
microcrystals in the thin film deposition. These problems seriously hinder the 
improvement of the quality of ZnO single crystals and thin films. The promising 
approaches for better control of the vapor phase processes would be numerical 
simulation of the thermodynamics of growth, and careful adjustment of the 
supersaturation of zinc vapors. 
In this thesis, all the vapor phase growth is carried out at atmospheric pressure. 
However, reduced pressures tend to reduce unwanted gas-phase reactions and 
improve film uniformity across the Si wafer; sub-atmospheric pressure can also lower 
down the growth rate of single crystals and lead to an improvement of the crystallinity. 
Low pressure vapor phase growth should be performed in later research. 
  The as-grown ZnO single crystals in our growth show only one typical morphology: 
needle shape. This is the typical anisotropic character of ZnO which has a preferential 
growth. The growth rates of the ZnO crystal in c-axis direction and in perpendicular 
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direction differ up to 100 times, measured by comparing the length and diameter of 
the needle crystals. Some impurity defects can regulate the growth rate in different 
crystal directions and influence the shape of the final crystals [145]. Impurities should 
be taken into account for the adjustment of crystal size and shapes. 
  Lead (Pb) exists in the source material (ZnO pellets and Zn powders) with a 
concentration of 10 ppm, Pb atoms could be the possible microscopic origin of the PL 
emission at 3.3643 eV. Pb implantations into the ZnO single crystal and thin films are 
necessary for verifying this hypothesis. 
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